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Abstract
Understanding the Role of the Ventrolateral Prefrontal Cortex in Emotional Memory
using Transcranial Direct Current Stimulation & Transcranial Magnetic Stimulation
by
Ruth Rachel Weintraub-Brevda
Advisor: Dr. Elizabeth F. Chua
Emotional stimuli can have both beneficial and detrimental effects on memory, such that
emotional stimuli can be distracting from current neutral working memory goals, while
also leading to enhanced episodic memory for the distracting emotional stimuli. Recent
evidence suggests that the ventrolateral prefrontal cortex (VLPFC) has multiple roles in
the enhancing effects of emotion on memory through top-down/controlled processes,
including 1) coping with negative distraction and 2) elaborative encoding of negative
information. Additionally, previous research has alluded to hemispheric differences in the
VLPFC (Chapter 1). However, previous research has been correlational, with no strong
laterality tests of the VLPFC. Two experiments tested the roles of the left and right
VLPFC in working memory and/or episodic memory tasks two using non-invasive brain
stimulation techniques; transcranial direct current stimulation (tDCS) was used to
increase cortical excitability of the VLFPC in Experiment 1 and transcranial magnetic
stimulation (TMS) was used to inhibit the VLPFC in Experiment 2. Experiment 1
(Chapter 2) used tDCS to test whether the VLPFC is involved in working memory and
episodic memory, and whether there are hemispheric differences. Results showed that the
tDCS over left VLPFC led to improved working memory tasks with both neutral and
negative distractors, and also indicated that there might be a greater demand on the
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VLPFC with negative distraction. The right VLPFC played a role in linking together
working memory and episodic memory performance. Experiment 2 (Chapter 3) used
TMS to test whether the involvement of the VLPFC in “emotional enhancement of
episodic memory effect” was: 1) dependent on the available attentional resources, and 2)
dependent on valence and/or arousal. Inhibiting the right VLPFC led to a reduced
emotional enhancement of episodic memory effect for both “negative arousing” and
“negative nonarousing” words. In contrast, inhibiting the left VLPFC under full attention
reduced the emotional enhancement of episodic memory effect for “negative nonarousing”
words only, suggesting that the role of the left VLPFC is dependent upon stimulus type
and controlled processing. Together, these results point to a role for the VLPFC in: 1)
working memory for both negative and neutral information, and 2) enhanced episodic
memory for emotional stimuli, which is likely related its role in controlled processing.
Additionally, our results show hemispheric differences, and suggest that the left VLPFC
is important for controlled processing, whereas the right VLPFC is important for
controlled and automatic processing.
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Chapter 1
General Introduction
Emotional stimuli have been called a “double-edged sword” (Dolcos, Iordan,
Kragel, Stokes, Campbell, McCarthy & Cabeza, 2013; Truong & Yang, 2014; for review,
Dolcos, Wang & Mather, 2014) in that emotional stimuli often facilitate cognitive
processes due to increased processing (Bisby & Burgess, 2014; Phelps, Ling & Carrasco,
2006; for review, Yonelinas & Ritchey, 2015), yet at other times emotional stimuli can be
task-irrelevant and the increased processing of emotional stimuli results in increased
distraction away from the current task goals (Bannerman, Milders & Sahraie, 2010;
Carretie et al., 2014; Fox et al., 2002). For example, imagine you are trying to study
information for an exam. If while you are trying to hold neutral information in mind, you
see a mouse run across the floor, the mouse will distract you from your studying and it is
likely that you will lose the information that you are trying to keep in mind and often not
remember that information later. This example illustrates how emotional information can
impair working memory (i.e., the information you are trying to keep in mind; Dolcos &
McCarthy, 2006) and how it has implications for subsequent episodic memory for that
neutral information (Steinmetz & Kensinger, 2013). Furthermore, it is likely that you
will vividly remember the mouse, demonstrating that emotional stimuli can lead to
enhanced episodic memory (i.e., for the mouse; Dolcos et al., 2013). However, there are
cases when individuals remember both the information they were trying to study and the
mouse, indicating that we are also capable of employing coping strategies to counteract
distracting emotional information, which may allow one to maintain the neutral
information in working memory even in the face of emotional distraction (Dolcos et al.,
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2006; Dolcos et al., 2013). The experiments in this dissertation test the neural
mechanisms behind the enhancing and/or impairing effects of emotion on working
memory and/or episodic encoding. Specifically, the experiments use non-invasive brain
stimulation to test the role of the ventrolateral prefrontal cortex (VLPFC) in working
memory and/or episodic memory for emotional vs. neutral stimuli.
Defining an Emotion
Before discussing how emotional stimuli can affect performance, it is imperative
to understand how to characterize emotions and emotional stimuli. Researchers have
historically been conflicted as to how emotions affect us (James, 1884) and how to define
an emotion (Kleinginna & Kleinginna, 1981; Scherer, 2005; Shuman & Scherer, 2015).
One way to conceptualize an emotion is through the “basic emotion” approach (e.g.,
“fear”, “disgust”; Ekman, 1992). In this approach, emotions can be considered “basic” if
they meet specific criteria, such as distinctiveness (both behaviorally and physiologically),
if they are hard-wired into the nervous system and if they provide a function for survival
(for review, Levenson, 2011). However, the “basic emotion” approach is controversial in
that it is unclear how many basic emotions there are (Jack, Garrod & Schyns, 2014) or
whether there can be emotions that are considered “basic” (e.g., there are different names
for the same emotions, emotions are complex, etc.; Oatley & Laird, 2014; Ortony &
Turner, 1990).
As an alternative to basic emotions, emotions have also been characterized
according to the circumplex model (Russell, 1980; for review, Barrett & Bliss-Moreau,
2009), which suggests that emotions vary along two continua: valence and arousal.
Valence refers to the continuum of negative to positive whereas arousal refers to the
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continuum of calm to excited (Gerber, Posner, Gorman, Colibazzi, Yu, Wang, Kangarlu,
Zhu, Russell & Peterson, 2008). Along with the circumplex model is the idea of a “core
affect,” which has been defined as a “neurophysiological state that is consciously
accessible as a simple, nonreflective feeling that is an integral blend of hedonic and
arousal values” (Russell, 2003; for review Barrett & Bliss-Moreau, 2009). This core
affect can be attributed to an object (e.g., evocative stimuli) or it can be free-floating (e.g.,
a mood; Russell, 2003). For this reason, emotional stimuli are sometimes called “affective”
stimuli (Lindquist et al., 2012). However, this dissertation will use the terms “emotional”
or “negative” stimuli to be consistent with many other experiments (Dunsmoor et al.,
2015; Tsouli et al., 2017; for review, Kensinger, 2009).
The circumplex model is particularly useful because it allows for a quantitative
and objective way to characterize emotional stimuli (e.g., it can be hard for participants to
describe discrete, basic emotions; Russell & Fehr, 1994; for review, Posner, Russell &
Peterson, 2005; Russell, 2003). Additionally, behavioral evidence has suggested that
there are differential effects of valence and arousal on performance (Adelman & Estes,
2013; Kang et al., 2014; Kensinger & Corkin, 2004; Pierce & Kensinger, 2011).
Therefore, when attempting to understand the effect of emotion on cognition, it is
important to consider both valence and arousal. Thus, the experiments in this dissertation
characterize and operationalize emotional stimuli in terms of valence and arousal. In
Experiment 1, emotional stimuli were both negatively valenced and highly arousing.
Experiment 2 used two types of emotional stimuli: 1) negatively valenced with high
arousal, and 2) negatively valenced with low arousal stimuli.
Emotion Affects Working Memory Performance: Behavioral Evidence
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The impact of emotional stimuli on working memory depends on multiple factors,
including whether the emotional information is task relevant or task irrelevant. Working
memory has been defined as being able to maintain information in mind for a short
period of time (Baddeley, 1983; Baddeley, 2000; Veltman, Rombouta & Dolan, 2003).
For example, an everyday experience of this might be reading a telephone number in a
phone book and trying to remember all the digits while dialing on the telephone. In a
laboratory setting, this might be tested with a digit span task, in which participants are
shown digits and asked to recall them in order (for review, Engle, 2002). When emotional
information is task relevant, people are able to hold the emotional information in working
memory well (Truong & Yang, 2014; for review, Levine & Edelstein, 2009). This is
exemplified by an experiment in which participants were asked to hold emotional and
neutral faces in mind in a version of an n-back working memory task and there was no
difference in working memory performance between the emotional and neutral target
conditions (Kensinger & Corkin, 2003). These results suggest that working memory
performance is not impacted by task relevant emotional salience.
However, when emotional information is task irrelevant, for example if you are
studying neutral information and there is an emotional distraction, individuals often lose
that information from working memory (Dolcos et al., 2013). This is exemplified by an
experiment in which participants were asked to study neutral faces, were then shown
emotional, neutral and scrambled distractors, followed by being shown a probe face and
asked to determine if the probe was part of the previous set of memoranda (Dolcos &
McCarthy, 2006). Participants had impaired working memory performance after
emotional distractors, as compared to both neutral and scrambled distractors.
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Taken together, these results show evidence that the impact of emotional stimuli on
working memory depends on whether or not the emotional information is task relevant.
One potential explanation for these effects, at a cognitive level, is that emotional stimuli
capture attention thereby leading to the need for increased processing (MacKay et al.,
2004; for review, Kensinger, 2009), which is beneficial when the emotional information
is task relevant, but is distracting when the emotional information is task irrelevant.
However, it is important to note that performance does not always suffer when the
irrelevant information is emotional. For example, another experiment that used a working
memory task with emotional and neutral distractors showed equivalent working memory
performance after emotional and neutral distractors (Dolcos et al., 2013). Yet, when
individual differences were investigated, some participants did show poor working
memory performance after emotional distractions, while others did not. One explanation
for this effect is that some participants were better able to “cope” with the distracting
information, which allowed them to succeed at the working memory task (Dolcos et al.,
2013). Therefore, one inference is that there are cases in which individuals have the
cognitive resources to cope with the emotional distractions thereby succeeding at the
primary task when the emotional information is task irrelevant.
Emotion Affects Episodic Memory Performance: Behavioral Evidence
Enhancing and impairing effects of emotional stimuli have been shown for
episodic memory tasks in addition to working memory tasks (Bisby & Burgess, 2014;
Loftus, Loftus & Messo, 1987). Episodic memory has been defined as being able to
remember stimuli that were studied more than 30 seconds ago (Tulving & Thomson,
1973). An everyday example of this might be trying to remember a list of groceries on a
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shopping list. In a laboratory setting, this might be tested by having participants study a
list of words and then asking them to recall the words after a delay longer than 30
seconds (Craik & Tulving, 1975). Again, studies show that emotion enhances memory
for task relevant, or target, stimuli (Cahill & McGaugh, 1995; Doerksen & Shimamura,
2001; for review, Kensinger, 2009), but can impair memory for task irrelevant, or nontarget, stimuli (Knight & Mather, 2009). For example, hearing a gunshot in an alley
might increase memory for emotionally relevant information while impairing memory for
emotionally irrelevant information, such as noticing if there was a car nearby. Enhanced
memory for emotional stimuli is exemplified by Kensinger et al. (2006), who had
participants view images of neutral or negative objects, and at test, identify whether the
object was: 1) identical to the previously studied object, 2) was similar to the previously
studied object, 3) or was a new object. Participants were better at correctly identifying the
identical emotional images than neutral ones (Kensinger, Garoff-Eaton & Schacter, 2006).
In this study, the emotional stimuli were task relevant because they were studied and
tested, and Kensinger et al. (2006) showed that emotional salience enhanced the visual
details associated with objects with better specific recognition of emotional objects
compared to neutral objects.
However, as mentioned previously, other studies have found that emotional
salience can impair memory performance for non-emotional aspects of the stimulus
(Cook, Hicks & Marsh, 2007; Mather et al., 2006; Touryan, Marian & Shimamura, 2007).
This is exemplified by Payne et al. (2008), who had participants view negative and
neutral objects on neutral backgrounds and take a recognition test at 3 different intervals:
30 minutes, 12 hours of wakefulness, and after 12 hours of sleep (Payne, Stickgold,
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Swanberg & Kensinger, 2008). Memory was better for the emotional objects (targets) but
worse for the peripheral background (non-targets) at the 30-minute delay and after 12
hours of sleep. These results suggest that emotional salience can enhance memory for the
emotionally relevant stimuli as well as impair memory for the peripheral non-emotional
stimuli (Bisby & Burgess, 2014; Loftus, Loftus & Messo, 1987; Steinmetz & Kensinger,
2013; for review, Mather, 2007).
Emotion Affects Attention
The impairing and enhancing effects of emotion on episodic memory have been
explained by the central/peripheral trade-off hypothesis, which suggests that emotion
enhances memory for the central information, but impairs memory for the peripheral
information (Christianson & Loftus, 1987; for review, Christianson, 1992; Kensinger,
Garoff-Eaton & Schacter, 2007; Wessel & Merckelbach, 1997). One mechanism
proposed to account for the central/peripheral trade-off is attentional narrowing, in which
emotional stimuli cause a narrowing of attention towards the emotional item at the
expense of attending to the peripheral stimuli (Easterbrook, 1959). Because memory
requires attention, when attention is narrowed on the emotional item, memory tends to be
greater for the emotional item (Kensinger, Garoff-Eaton, Schacter, 2007) but poorer for
the peripheral stimuli (Cook, Hicks & Mrash, 2007; Mather et al., 2006; Newsome, Dulas
& Duarte, 2012). Although many studies have documented the central/peripheral tradeoff (for review, Kensinger, 2009), other studies have shown enhancement for source
memory with emotional content (Mather & Nesmith, 2008), which contradicts the
hypothesis that attention is diverted towards the central element at the expense of its
surroundings. Source memory is memory for stimuli presented with the to-be-
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remembered stimuli (e.g., what color background an item was place on). Therefore, it is
surprising that when the central item is emotional, participants would have enhanced
source memory. For instance, Doekrsen and Shimamura (2001) asked participants to
study emotional and non-emotional words in either blue or yellow borders. At test,
participants were asked to indicate the color of the background that the word was
presented on at study. Participants had increased source accuracy for the background
color when emotional words were presented compared to neutral words, demonstrating
there is not always a cost of attending to central/emotional items at the expense of the
peripheral stimuli (i.e., the color of the background; Dunsmoor et al., 2015). Thus, similar
to the effects of emotional stimuli on working memory performance, it seems as if
emotional stimuli can enhance or impair episodic memory performance, and attention
towards the emotional stimulus might be a factor in this effect. Taken together, because it
is not always clear when emotional stimuli will lead to impairments or enhancements,
behavioral evidence might not be enough to determine which conditions lead to
enhancements or impairments of memory due to emotional stimuli.
Emotion & Memory in the Brain: Amygdala
One way to determine the mechanism behind the enhancing effects of emotional
stimuli on memory is by investigating the neural basis for these emotional memory
effects (Dolcos et al., 2013). Previous neuroimaging studies have identified two pathways
that contribute to the effects of emotion on memory: 1) a bottom-up amygdalar route and
2) a top-down prefrontal and parietal cortical route, with the bottom-up route being
mostly automatic and the top-down route being mostly dependent on cognitive control
(Ochsner et al., 2009; for review, Dolcos & Denkova, 2014; see Figure 1.1). Much of the
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previous research on the effects of emotion on memory has found robust activation of the
bottom-up route, including increased activation in the limbic system (Kensinger,
Growdon, Brierly, Medford & Corkin, 2002; Kensinger & Schacter, 2005; Dolcos, LaBar
& Cabeza, 2004) with emotional compared to neutral tasks (Addis, Leclerc, Muscatell &
Kensinger, 2010; Fischer, Nyberg & Backman, 2010; Hamann, 2001; Kensinger &
Schacter, 2005; Kensinger & Schacter, 2007; Kilpatrick & Cahill, 2003; Sergerie, Lepage
& Armony, 2005; Smith, Henson, Dolan & Rugg, 2004), and increased functional
connectivity between the amygdala and hippocampus for emotional compared to neutral
memory tasks (Dolcos, LaBar & Cabeza, 2004a; Dolcos et al., 2013; Phelps, 2004; Smith,
Stephan, Rugg & Dolan, 2006; for review, Cahill & McGaugh, 1998).
In one study, participants were asked to view emotional and neutral images while
undergoing functional magnetic resonance imaging (fMRI) (Dolcos, LaBar & Cabeza,
2004), which uses oxygen levels in the brain to infer functional brain activity (for review,
Logothetis et al., 2008). Later, they were asked to recall the images they had seen.
Behavioral results showed greater recall for emotional, as compared to neutral, images.
fMRI results showed greater activity in the amygdala for subsequently remembered
minus forgotten (also known as the difference in memory, or Dm) emotional images,
relative to neutral Dm. These results support the theory that activation of the amygdala,
or the “bottom-up” route, can lead to emotional memory enhancements. Because it is
thought that emotional stimuli activate the amygdala and hippocampus automatically, coactivation of these regions has been referred to as bottom-up processing of emotional
stimuli (for review, Dolcos & Denkova, 2014).
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Currently, there are mixed results as to whether automatic activation of the
amygdala by emotional stimuli is triggered by arousal (Garavan, Pendergrass, Ross, Stein
& Robert, 2001; for review, LeDoux, 2003; Zald, 2003) or valence (Anders et al., 2008;
Gamer, Zurowski & Buchel, 2010; Struabe, Pohlack, Mentzel & Miltner, 2008). In one
study, participants studied negative, positive and neutral images while undergoing fMRI
(Mickley Steinetz & Kensinger, 2008). Results revealed increased amygdalar activity for
both negative and positive, as compared to neutral, remembered pictures. Because
positive and negative pictures were both more arousing than the neutral pictures, and
amygdala responded to both positive and negative valence categories, this suggests that
the amygdala responds to arousal, regardless of positive or negative valence. However, in
another study using an attentional distraction task, participants viewed negative, positive,
and neutral images while determining the orientation of a line superimposed on the image
(Straube, Pohlack, Mentzel & Miltner, 2008). fMRI results showed greater activation in
the amygdala for negative images, as compared to both neutral and positive images, even
though positive and negative images were matched for arousal, suggesting a role of the
amygdala in processing valence (Straube, Pohlack, Mentzel & Miltner, 2008). Although,
further work is needed to clarify the roles of valence and arousal in amygdalar activity in
emotional processing, previous research clearly indicates that the bottom-up amydalar
route is involved in emotional memory. However, the focus of these dissertation
experiments is to elucidate the role of the top-down route in emotional memory,
specifically focusing on the prefrontal cortex.
Emotion & Memory in the Brain: Prefrontal Cortex
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Although there are a considerable number of studies showing enhanced amygdala
and other limbic activity in emotional memory (the bottom-up route; LaBar & Cabeza,
2006; Ochsner et al., 2009; for review, Phelps & Anderson, 1997; Phelps, 2004), a
growing number of studies have shown that prefrontal activity correlates with emotional
memory (the top-down route; Dolcos, LaBar & Cabeza, 2004; Kensinger & Corkin,
2004; Mickley Steinmetz et al., 2010; Murty et al., 2010). The prefrontal cortex (PFC),
irrespective of emotional content, is believed to play a role cognitive control (for reviews,
Fuster, 2001; Miller & Cohen, 2001; for review, Badre & Wagner, 2007). Cognitive
control has been defined as “the ability to guide attention, thought, and action in
accordance with goals or intentions, particularly in the face of competing behavioral
pressures” (Greene, Nystrom, Engell, Darley & Cohen, 2004). For example, while
driving, you should drive during green traffic lights but not drive during red traffic lights.
In a laboratory setting, this might be tested using a go/no-go task, in which participants
are asked to respond to certain cues, but to refrain from responding to other cues (Rubia
et al., 2001). Indeed, emotional memory tasks that require cognitive control, such as
emotional reappraisal and regulation tasks of emotional autobiographical memories, show
prefrontal activation (Goldin, McRae, Ramel & Gross, 2008; Kross, Davidson, Weber &
Ochsner, 2009). The PFC has also been shown to be active during working memory
(Fletcher & Henson, 2001) and episodic memory (Fletcher, Shallice & Dolan, 1998)
tasks, specifically when the tasks are meaningful and require deeper encoding (Buckner,
Kelley & Peterson, 1999). Therefore, it is not surprising that encoding (Dolcos et al.,
2013) and retrieval (Kensinger & Schacter, 2005) of emotional memories show prefrontal
activation.
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The ventrolateral PFC (VLPFC), a subregion of the PFC, is considered part of a
top-down route in emotional memory (Ochsner, Ray, Cooper, Elaine, Robertson, Chopra,
Gabrieli & Gross, 2004), as opposed to the bottom-up route which is automatic. The
VLPFC has a hypothesized role in: 1) coping with emotional distraction to prevent
impairing effects of emotional distraction, and 2) enhanced memory for the emotional
stimuli (Dolcos et al., 2013). The dissertation experiments focus on these two
hypothesized roles of the VLPFC, however, it is first important to understand the role of
the VLPFC in general cognition.
Role of the VLPFC in Cognition
Understanding the role of the VLPFC outside the domain of emotional memory
may shed light on its role in emotional memory. Generally, with non-affective stimuli,
the VLPFC is associated with deep encoding (Kapur, Craik, Tulving, Wilson, Houle &
Brown, 1994; for review, Levy & Wagner, 2011), orienting attention towards salient
stimuli (Rubia et al., 1999), and motor inhibition (Kaladjin, Jeanningros, Azorin,
Grimault, Anton & Mazzola-Pomietto, 2007). A way these different VLPFC roles (e.g.,
motor inhibition and orienting attention) could be reconciled is by recognizing that some
tasks that require stopping a process (i.e., motor inhibition) also require reorienting
attention (Levy & Wagner, 2011), both of which require cognitive control (for review,
Corbetta & Shulman, 2002; Corbetta, Patel & Shulman, 2008). In one study, participants
were asked to complete a version of the Posner cueing task (Corbetta, Kincade &
Shulman, 2002). They were first presented with a cue trial, which presented an arrow
pointing in one direction, followed by a valid, invalid, or delay trial. In the valid trials,
the target was in the same direction as the arrow from the cue trial. In the invalid trials,
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the arrow was facing in the opposite direction. Results showed an increase in the right
VLPFC only during target displays, and more robustly during invalid target displays,
suggesting its role in stimulus-driven detection. Put another way, the VLPFC seems to be
involved in exogenous attention shifts to salient stimuli. These findings converge on the
idea that the VLPFC is important for cognitive control.
Role of the VLPFC in Emotional Memory
While one model suggests that the VLPFC is part of the “top-down” PFC route
(as opposed to the “bottom-up” amygdalar route), another model suggests that the
VLPFC is functionally connected to the amygdala and automatically activated in the
presence of emotional stimuli. This other model is based on studies investigating the
neural basis of how emotional stimuli can impair or enhance memory, which have
identified two different systems that are active during memory tasks with emotional
stimuli: 1) the ventral affective system, and 2) the dorsal executive system. The ventral
affective system includes functional connections between the amygdala and the VLPFC
and it is automatically active during emotional processing (Drevets & Raichle, 1998,
Drevets, 1998; Iordan, Dolcos & Dolcos, 2013). The dorsal executive system includes
functional connections between the DLPFC and the lateral parietal cortex (LPC), and it is
also responsible for executive functioning and cognitive control (Drevets & Raichle,
1998; Drevets, 1998; Iordan, Dolcos, Denkova & Dolcos, 2013; for review, Dolcos &
Denkova, 2014; see Figure 1.2). Because of their respective roles, these two systems have
been referred to as the “hot affective vs. cold executive” systems (for review, Iordan,
Dolcos & Dolcos, 2013).
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The idea that there are two separate systems is supported by clinical studies that
indicate that impaired executive control and enhanced emotional processing seen in
depressed patients may be as a result of hyperactivation of the ventral affective system
and hypoactivation of the dorsal executive system (Brody, Saxena, Silverman, Alborzian,
Fairbanks, Phelps, Huang, Wu, Maidment & Baxter Jr., 1999; Drevets & Raichle, 1998).
In support of the ventral affective/dorsal executive systems, neuroimaging evidence has
shown that during emotional memory tasks, there is an increased correlation between
activity in the amygdala and VLPFC (as compared to neutral stimuli; Kilpatrick & Cahill,
2003), which correlates with an episodic memory enhancement (Dolcos et al., 2013).
However, increased activation in the ventral affective system is often coupled with
deactivation in the dorsal executive system, which can have an impairing effect on
working memory (Antevic, Repovs & Barch, 2010; Chuah et al., 2010; Dolcos &
McCarthy, 2006; Dolcos et al., 2008; Oei, Veer, Wolf, Spinhove, Rombouts & Elzinga,
2012).
Importantly, the ventral affective and dorsal executive systems are thought to
interact during emotional cognitive tasks (Anticevic, Repovs & Barch, 2010; Dolcos &
McCarthy, 2006), such that increased activity in the VLPFC is associated with decreased
activity in the DLPFC (Anticevic, Repovs & Barch, 2010; Dolcos & McCarthy, 2006).
One study investigated the two pathways using a working memory with emotional
distractors paradigm (Dolcos & McCarthy, 2006). Participants were shown two faces and
asked to remember them. During the delay period, they were then shown either a neutral
scene, emotional scene, or scrambled scene distractor. Immediately afterwards, they were
shown a probe face and asked to identify if the face was part of the previous memoranda.
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Results showed that, compared to both neutral and scrambled distractors, emotional
distractors evoked the greatest increase of activity in the ventral affective system
(amygdala and VLPFC), coupled with a relative deactivation in the dorsal executive
system (DLPFC and LPC). Moreover, modulation of DLPFC activity was associated with
successful working memory performance, in that there was greater activity in the DLPFC
during delay periods for all correct (i.e., emotional, neutral and scrambled) versus
incorrect trials. However, emotional distractors that resulted in incorrect trials produced
the lowest level of activity in the DLPFC compared to both neutral and scrambled
distractors. Taken together, these data are consistent with the “hot affective/cold
executive” model of emotional memory, in that emotional stimuli that elicited strong
activation in the amygdala and VLPFC also elicited strong deactivation in the DLPFC.
Additionally, these results point to a clear relationship between neural activity, emotional
stimuli, and working memory performance, such that emotional stimuli correlate with an
increase in the ventral affective system and a decrease in the dorsal executive system
decrease, which also correlates with poorer working memory performance.
More recently, studies have shown that this ventral-dorsal trade-off effect is
robust (Anticevic et al., 2010; Chuah et al., 2010; Garcio-Pacios, Garces, del Rio &
Maestu, 2015; Morey, Dolcos, Petty, Cooper, Hayes, LaBar & McCarthy, 2009; for
review, Iordan, Dolcos & Dolcos, 2013). The trade-off can be seen with different types of
stimuli (e.g. scenes, Anticevic et al, 2010; film clips, Kilpatrick & Cahill, 2003) and can
be enhanced by experience, such that acute stress can lead to an increased response in the
VLPFC to emotional stimuli (Oei et al., 2012). Importantly, this trade-off has also been
shown to be specific to emotional distractors and not due to task difficulty alone
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(Anticevic, Repovs & Barch, 2010). In one working memory study, participants studied
face memoranda (Dolcos, Diaz-Granados, Wang & McCarthy, 2008). They were then
presented with different types of distractors: 1) negative, 2) neutral, 3) scrambled, and 4)
non-emotional confusing distractors (e.g., novel faces which made the task difficult).
fMRI results showed an increase in DLPFC activity during the non-emotional confusing
distractors (i.e., the difficult distractors) but a decrease in activity in the DLPFC during
emotional distractors. This finding suggests that the decrease in DLPFC activity is
specific to emotional stimuli and not merely a result of task difficulty. Furthermore, this
ventral-affective/dorsal executive systems trade-off in working memory with negative
distraction replicates (Chuah, Dolcos, Chen, Zheng, Parimal, Chee, 2010; Dolcos &
McCarthy, 2006; for review, Iordan, Dolcos & Dolcos, 2013). In another study, Anticevic,
Repovs & Barch (2010) had participants complete a delayed working-memory task with
geometric shapes while undergoing fMRI. In this task, participants were initially shown
geometric shapes and told to try to remember them. Participants were then presented with
a delay period, in which 1of 4 distractor types were presented: negative, highly similar to
the target (a geometric shape), neutral, or scrambled distractors. Afterwards, participants
were shown a probe (i.e., a geometric shape) and were asked to identify if it was part of
the previous set of shapes studied. Behavioral results indicated an overall working
memory impairment after being presented with the negative distractor. Consistent with
previous findings, neuroimaging results showed a decrease in the dorsal-executive areas
(e.g., DLPFC) in response to emotional distractors and an increase in VLPFC activation
in response to the emotional distractors (Anticevic, Repovs & Barch, 2010).
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While these ventral affective/dorsal executive pathways seem similar to the topdown and bottom-up routes mentioned earlier (see Figure 1.1), it is important to note the
role of the VLPFC in the ventral affective pathway and the top-down route. The VLPFC
is activated by emotional salience and leads to enhanced attention towards emotional
stimuli, leading it to be a part of the ventral affective system. At the same time, the
VLPFC is critical in cognitive control and this supports the idea that it is part of the topdown route. Therefore, because of its dual positions in both models and its role in
cognitive control, the VLPFC has been thought to play an important role in emotion
regulation (Anderson et al., 2004; McRae, Hughes, Chopra, Gabrieli, Gross, Ochsner,
2010; Phan et al., 2005), and VLPFC activity may potentially buffer against emotional
distraction (for review, Dolcos & Denkova, 2014).
Laterality Effects in the VLPFC
Although many studies have shown working memory performance impairments
in the presence of emotional distractors, not all participants show this effect (Anticevic et
al., 2010; Dolcos et al., 2013; Iordan, Dolcos, Denkova & Dolcos, 2013). This raises the
possibility that the ability to use coping mechanisms (e.g., suppression, inhibition,
reappraisal, etc.) might mitigate the effects of emotional distraction, potentially by
altering the ventral affective system, dorsal affective system, or their interaction. Previous
work has shown that unimpaired working memory performance after negative distraction
is correlated with activity in the left, but not right VLPFC, suggesting that laterality may
be an important factor to consider when understanding the role of the VLPFC in
performance on emotional working and episodic memory tasks. One hypothesis is that
left VLPFC activity acts as a buffer to help to cope with emotional distraction, consistent
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with a role in cognitive control, (Dolcos et al., 2006), whereas the right VLPFC is
involved in encoding the negative stimuli, leading to a long-term emotional memory
enhancements (Ritchey, LaBar & Cabeza, 2011; Dolcos et al., 2013). In one study,
participants were either told to maintain or reduce their emotional response (i.e., to cope
with their emotional response through suppression) to negative images (Phan et al., 2005).
Behavioral results revealed a reduction in negative affect after suppression (as compared
to the maintain condition). fMRI results showed an increase in left VLPFC activity
during suppression, relative to maintain, trials. This suggests that the left VLPFC is
important for coping with emotional stimuli, not just coping with task difficulty.
Alternatively, the right VLPFC has been shown to be active during coping strategies that
could be related to deeper encoding (e.g., reappraisal; McRae et al., 2010; Richards &
Gross, 2000). To illustrate this, another study asked participants to study negative,
positive and neutral scenes using either a shallow or deep encoding strategy (Ritchey,
LaBar & Cabeza, 2011). Participants were then tested on the scenes two days later. fMRI
results showed increased activity in the right VLPFC for negative and positive scenes (as
compared to neutral scenes), but only under the deep encoding condition. Together, these
studies suggest that there might be laterality effects within the VLPFC, with the left
VLPFC being more active during coping with emotional distraction, which can lead to
enhanced working memory after emotional distraction (Dolcos et al., 2006) and the right
VLPFC being more active during deeper emotional processing, which results in an
emotional memory enhancement (Ritchey, LaBar & Cabeza, 2011).
Collectively, previous studies have illustrated that the presence of emotional
stimuli as distractors can result in poorer working memory performance (for review,
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Iordan, Dolcos & Dolcos, 2013). However, there is also an abundance of research that
demonstrates an emotional long-term memory enhancement (for review, Kensinger,
2009). At the neural level, one way to understand these seemingly opposite effects of
emotion is that emotional salience grabs attention, which can be distracting during
working memory tasks (where the distractors vary in valence but the cues and probes do
not), unless the left VLPFC is acting as a buffer to cope with the negative stimuli (Dolcos
et al., 2006). At the same time, increased attention can then lead to an episodic memory
enhancement for those “distractors” in utilizing the right VLPFC (Dolcos et al., 2013).
Therefore, it seems as if emotional salience is a “double-edged sword,” in that it can
cause memory enhancements for emotional events, but at the same time those emotional
events can distract from current goals (Dolcos, Wang & Mather, 2014; Dolcos &
Denkova, 2014).
To investigate emotional stimuli’s impairing and enhancing effects in one withinsubject study, Dolcos et al. (2013) again used a working memory with emotional and
neutral distractors paradigm, which highlighted the specific roles of the right and the left
VLPFC in the enhancing and impairing effects of emotion on memory. In the Dolcos et al.
(2013) study, participants were asked to come back a week later for a surprise recognition
test of episodic memory for the emotional and neutral distractors. Behavioral results
indicated that a majority of participants showed an impairment in working memory
performance with emotional distractors but an episodic memory enhancement for the
emotional distractors. fMRI data showed that, during the delay period, the right VLPFC
showed increased activity for emotional distractors that did not disrupt working memory
performance but that were also later remembered compared to neutral distractors that did
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not disrupt working memory performance and that were later remembered. Conversely,
the left VLFPC had an increase in activity for emotional distractors that did not impair
working memory performance only, which suggests the left VLPFC has a role in online
coping during emotional distraction not related to subsequent episodic memory
performance. Together, these findings suggest that the left and right VLPFC play
different roles, with the left VLPFC potentially engaged when participants successfully
cope with emotional distraction (Kross et al., 2009), whereas the right VLPFC might be
engaged during successful episodic memory of emotional items (Ritchey et al., 2011).
Are Attentional Resources Necessary?
Taken together, there are two different models (i.e., the bottom-up/top-down and
the ventral affective/dorsal executive models) that suggest how emotional stimuli affect
memory. These two models seem at odds with one another, in that the bottom-up/topdown model suggests that VLPFC activation requires cognitive control, whereas the
ventral affective/dorsal executive model suggests that VLPFC activation is automatic in
the presence of emotional stimuli. As mentioned previously, there is one model that
proposes two routes for how emotional stimuli lead to memory enhancements: 1) a
bottom-up route, which includes the amygdala and medial temporal lobe and 2) a topdown route, which includes the prefrontal cortex, including the DLPFC and the VLPFC
(Dolcos & Denkova, 2014). The bottom-up route leads to emotional memory
enhancements through the interactions between the amygdala and medial temporal lobe
regions (Kilpatrick & Cahill, 2003; Ritchey, Dolcos & Cabeza, 2008). The top-down
route leads to emotional memory enhancements through the activations of the prefrontal
regions, including the VLPFC (Dolcos & Denkova, 2014).
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In contrast, the “hot affective/cold executive” model makes different predictions
about how the DLPFC and VLPFC operate in response to emotional stimuli. Specifically,
the model posits that the DLPFC is critical for non-emotional working memory
performance, but that the presence of emotional stimuli automatically activates the
amygdala and VLPFC and deactivates the DLPFC, which can lead to distraction of
current working memory goals (Dolcos & McCarthy, 2006; Iordan, Dolcos & Dolcos,
2013).. By contrast, the “bottom-up/top-down” model suggests that the VLPFC and
DLPFC both lead to emotional memory enhancements through cognitive control.
One recent study sought to determine the effects of attention and emotional
processing on perception (Shafer, Matveychuk, Penney, O’Hare, Stokes & Dolcos, 2012).
In this study, participants were given a perceptual orientation-discrimination task while
undergoing fMRI. Participants were presented with rectangular scenes onscreen and
asked to indicate whether or not the scene was oriented vertically or horizontally. The
scenes were chosen based by valence and arousal scores (low valence and high arousal),
with a composite score that reflected the total emotional “charge” for each photo.
Composite scores were created using 9-point Likert ratings for each photo, for both
valence and arousal, using the formula: 9 - valence score + arousal score. Then, to
determine if there were subtle effects of emotional “charge”, the stimuli were further
divided into 4 groups of photos: “high emotional” (composite score of 13.2), “low
emotional” (11.1), “neutral” (7.7) and “absolute neutral” (6.9). The task load was
manipulated by changing the ratio of the vertical and horizontal sides of the rectangle.
The vertical to horizontal ratios varied in increments of 0.006, with all the scenes ranging
from 0.801 to 1.249. Task duration was manipulated by how much time there was to view
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the stimulus, such that some trials were viewed for 250 ms and others were viewed for
1000 ms.
Behavioral analyses revealed an overall main effect of emotion, such that
participants’ reaction times were longer when the image was an emotional scene relative
to neutral. When considering emotional and neutral scenes, there was no interaction of
task demand, suggesting that emotional effects are automatic. However, there were
interactions between emotional stimuli and attention when comparing finer assessments
of emotional “charge”. Specifically, when comparing “high emotional” to “absolute
neutral” images, there was an interaction such that reaction times were longest when
images were highly emotional, had a long duration, and a low task load. This difference
in reaction time (i.e., that participants took longer to do the task for highly emotional
images, when the stimulus duration was long and the task load was low) suggests that
when there are available attentional resources, the impact of emotion is not automatic but
also affected by attention. Similarly, neuroimaging results showed a main effect of
emotion in the ventral affective system (i.e., amygdala and bilateral VLPFC), such that
there was an increase in activity in these regions in response to emotional stimuli, in a
statistical comparison of all emotional to all neutral images and in a statistical
comparison of only “high emotional” to “absolute neutral” images. However, further
analyses found that left VLPFC activity was greatest during highly emotional stimuli and
low attentional load, both in terms of task demand and longer duration, compared to
absolute neutral and high load conditions. Together, these results suggest that, while
emotional effects on perception are somewhat automatic, the availability of additional
attentional resources can exacerbate them. However, it remains unclear how this would
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translate to emotional working and episodic memory and the role of the VLPFC in coping
with emotional distraction. Put another way, it is unclear whether or not activation of the
VLPFC is automatic, as proposed by the “hot affective/cold executive model,” or if
cognitive control and attentional resources guide VLPFC activity, as proposed by the topdown/bottom-up model.
Another factor that interacts with attentional resources is stimulus type. As
mentioned previously, emotional stimuli can be categorized by valence and arousal
(Russell, 2003) and analyzing data along these dimensions shows robust findings of two
neural pathways of emotion (i.e., valence and arousal; for review, Posner, Russell &
Peterson, 2005; Kensinger & Corkin, 2004). Previous behavioral research has shown that
effects of arousal on memory seem to be relatively automatic, whereas effects of valence
on memory seem to be dependent on controlled processing (Clark-Foos & Marsh, 2008;
Kang et al., 2014; Kensinger & Corkin, 2004). At the brain level, effects of valence have
been related to VLPFC activity (Kensinger & Corkin, 2004). One fMRI experiment had
participants study “negative arousing” and “negative nonarousing” words (Kensinger &
Corkin, 2004). Results showed an increase the amygdala for “negative arousing” words
and an increase in left VLPFC activity during encoding of “negative nonarousing” words
compared to neutral words. These results fit within the framework of the amygdala being
involved in the bottom-up system and VLPFC being involved in top-down system for
memory enhancements for emotional stimuli (Dolcos et al., 2013; Dolcos, LaBar &
Cabeza, 2004; for review, Iordan et al., 2013).
Open Questions on Emotion and Memory
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The previous studies have highlighted the DLPFC and VLPFC as being important
in understanding the impairing and enhancing effects of emotion on memory. However,
because previous research was done using correlational neuroimaging methods,
additional research is required to clarify the role of the VLPFC in the emotional effects
on memory. For instance, previous studies have raised the idea of hemispheric
differences in the VLPFC, such that the left VLPFC is important for online coping with
emotional distraction during working memory tasks (Dolcos et al., 2006), whereas the
right VLPFC might be more important for emotional episodic memory enhancements
(Ritchey, LaBar & Cabeza, 2011) and linking together working and episodic memory
(Dolcos et al., 2013).
However, laterality was not directly examined in these studies by specifically
comparing activity in the left and right VLPFC (Dolcos et al., 2013), nor have there been
experimental manipulations of right and left VLPFC activity. Further tests are also
needed to determine whether the VLPFC can directly cause an episodic memory
enhancement through its role in the “top-down model” based on its involvement in
cognitive control (i.e., available attentional resources), or if emotional enhancements are
also automatic (i.e., not guided by attention; “ventral affective” model), and if the
emotional memory enhancement varies depending on the stimulus types (i.e., valence
and/or arousal).
Another reason additional research is required is that previous research has mostly
relied on correlational methods. By contrast, causal techniques that can manipulate brain
activity, such as High-Definition transcranial direct current stimulation (HD-tDCS) and
transcranial magnetic stimulation (TMS), offer a powerful way to test the models
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generated based on fMRI results. Functional MRI studies have led to the hypotheses that:
1) the left and right VLPFC have different roles in emotional effects on memory, 2) the
VLPFC activation depends on valence and/or arousal, and 3) the role of the VLPFC is
dependent on the available attentional resources. Directly manipulating brain activity in
these regions to determine the impact on behavior is a crucial next step. This dissertation
therefore used HD-tDCS and TMS in order to test the causal relationships between brain
and behavior.
Transcranial Direct Current Stimulation (tDCS)
Transcranial direct current stimulation (tDCS) has been used to test how brain
regions relate to a variety of cognitive functions (Andrews et al., 2011; Fregni et al.,
2005; Zaehle et al., 2011; Chua, Ahmed & Garcia, 2016; for review, Jacobson,
Koslowsky & Lavidor, 2012). tDCS involves application of a weak electrical current to
the scalp over time. In a conventional 1x1 tDCS protocol, there is one stimulation
electrode (often referred to as the anode) and one return electrode (often referred to as the
cathode) electrode. The current flows from the anode electrode to the cathode electrode,
forming a circuit (Datta et al., 2009). This direct current is measured in milliamps (mA),
with experiments typically using between 1 mA to 2 mA of stimulation that is
continuously applied for 10 to 20 minutes (Boggio et al., 2006). While it is still
controversial exactly how tDCS exerts effects on the brain (for review, Stagg & Nitsche,
2011), it is believed that this weak current can either reduce the resting potential of
neurons, making it slightly more likely for neurons to fire (under the anode electrode), or
it can have the opposite effect, making it slightly less likely for neurons to fire (under the
cathode electrode; Bikson et al., 2004; Bikson, Rahman & Datta, 2012). Other studies
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have also found that tDCS works by increasing glutamine and glutamate (Clark et al.,
2011), acting on ion-channel blockers and NMDA receptors (Liebetanz, Nitsche, Tergau
& Paulus, 2002) or through astrocytic calcium signaling (Monai et al., 2016; for review,
Stagg & Nitsche, 2011).
In tDCS, the placement of electrodes on the scalp determines which underlying
brain areas are stimulated. Many tDCS experiments use the 10-20 international system
for electroencephalography (EEG; Klem et al., 1999) to determine the placement of
stimulating electrodes (for review, Woods et al, 2016). The current flow can be modeled
with computer simulations using a realistic head model based on the specific placements
of the electrodes (i.e., montage; Bai et al., 2014; Datta et al., 2009; Pergolizzi & Chua,
2015). Different montages and different sizing of the electrodes can change the focality
of stimulation and the amount of amount of current believed to reach the area of interest
(Bai et al., 2014).
Experiments combining tDCS with neuroimaging have shown that tDCS can alter
connectivity between brain regions (Jang et al., 2009; Weber et al., 2014). In one
experiment, participants were first scanned during a resting state (Keeser et al., 2011).
They then either had active or sham tDCS, followed by another resting fMRI scan. For
the real stimulation, the anode was placed over F3 and the cathode placed over the
supraorbital region. Participants were stimulated at 2mA for a total of 20 minutes. Results
showed that active, but not sham, tDCS over the prefrontal cortex modulated resting-state
connectivity in brain areas close and distant to the stimulation site. Thus, it is important
to acknowledge that conventional tDCS does not have a high degree of spatial focality
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and can show effects on other areas of the brain that are functionally and structurally
connected to the targeted brain region.
Transcranial DCS has been shown to lead to behavioral changes in many domains
including: inhibitory control processes (Hsu et al., 2011), working memory (Andrews et
al., 2011; Fregni et al., 2005; Zaehle et al., 2011), associative encoding (Gaynor & Chua,
2016), episodic memory (Marshall et al., 2004) and false memory (Pergolizzi & Chua,
2015). Importantly for this dissertation, tDCS has been shown to induce changes in PFC
regions (Keeser et al., 2011), which can lead to behavioral changes during emotional
processing (Pena-Gomez et al., 2012) and regulation (Feeser et al., 2014) tasks.
What makes tDCS such a useful technique is that it is relatively inexpensive and
has minimal side effects (Poreisz et al., 2007). Some participants have experienced an
itching sensation or a slight burning sensation, but these typically fade away (Woods et
al., 2016). Since there are sensations associated with tDCS, it is necessary to create a
control or “sham” group to minimize the placebo effect (Gandiga et al., 2006), although it
should be noted that a sham group does not completely rule out a placebo effect
(O’Connell et al., 2012; for review, Horvath, Carter & Forte, 2014). In the sham
condition, the current slowly ramps up to the full current (to give the sensation of active
tDCS) and then immediately ramps back down. In this way, participants “feel” as if they
are in the active group, minimizing the placebo effect. In one double-blind experiment,
participants were asked to rate sensations from tDCS, during both active and sham
conditions. Results showed that participants reported mild discomfort, and importantly,
there was no difference between active or sham stimulation (Gandiga et al., 2006).
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In terms of the spatial resolution, conventional tDCS leaves much to be desired
(Antal, Nitsche & Paulus, 2006). A relatively newer form of tDCS, High-Definition tDCS
(HD-tDCS), has been developed to improve on the focality of conventional tDCS (Kuo et
al., 2013). HD-tDCS involves using smaller electrodes that are typically placed in a ring,
with 1 stimulating electrode and 4 return electrodes. In this protocol, 2 mA is delivered to
the stimulating electrode and 0.5 mA of current is dispersed to the surrounding return
electrodes. Similar to conventional tDCS using an F3-supraorbital montage, HD-tDCS to
the DLPFC has been shown to lead to behavioral effects (Chua & Ahmed, 2016).
Therefore, because we were specifically interested in the VLPFC, rather than the DLPFC,
HD-tDCS was used to target the VLPFC region in particular.
HD-tDCS has been shown to be more focal than conventional tDCS using
computer simulations that used MR images to guide placement of the electrodes (Datta et
al., 2009). For conventional tDCS, simulations showed diffuse modulation, with areas not
under the electrode showing peak electrical field magnitude. In contrast, using HD-tDCS,
there was a peak electric field change in the area directly beneath the stimulating
electrode, which was generally constrained by the surrounding four return electrodes.
Therefore, because we wanted to specifically target the VLPFC and minimize stimulating
other areas of the PFC (e.g., the DLPFC), we used HD-tDCS in Experiment 1.
In addition to experimental procedures, tDCS has also been used to try to
ameliorate symptoms in clinical populations including Parkinson’s disease (Boggio et al.,
2006), depression (Salehinejad et al., 2015; for review, Nitsche et al., 2009) and
schizophrenia (Brunelin et al., 2012). In one experiment, depressed patients were given
either: active or sham stimulation to the DLPFC, or active stimulation to the occipital
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cortex (Boggio et al., 2008). These participants received 2 mA of stimulation for 20 min
on 10 different days (2 weeks of Monday-Friday). The Hamilton Depression Rating Scale
(HDRS) and Beck Depression Inventory (BDI) were used to determine if there was a
reduction of symptoms after tDCS treatments. Participants were evaluated (by a
psychologist who was blind to treatment group) at four different time points: 1) baseline,
2) immediately after treatment, 3) 15 days after treatment and 4) 30 days after treatment.
Results showed a significant reduction in symptoms, on both the HRDS and BDI scales,
for active DLPFC stimulation compared to both controls groups. Together, these studies
suggest that repeated sessions of tDCS can alter long-term behavior.
Transcranial Magnetic Stimulation (TMS)
TMS refers to a technique in which an electrical current is run through a coil that
is placed on the scalp above a target cortical area (Priori, Hallett & Rothwell, 2009). This
current creates a magnetic field that can permeate through the scalp and skull and induces
a secondary current to induce neural firing (Anand & Hotson, 2002). TMS was first used
in a laboratory setting in 1985 (Barker, Jalinous & Freeston, 1985) and has since been
used in both experimental and clinical settings since then (Oliveri, Turriziani, Carlesimo,
Koch, Tomaiuolo, Panella & Caltagirone, 2001; Osuch, Benson, Luckenbaugh, Geraci,
Post & McCann, 2009). TMS has been shown to influence motor actions (Kobayshi,
Hutchinson, Theoret, Schlaugh, Pascual-Leoine, 2004), perception (Sparing, Mottaghy,
Ganis, Thompson, Topper, Kosslyn & Pascual-Leone, 2002) and higher cognitive
processes (Rushworth, Hadland, Paus & Sipila, 2002). Importantly, in conjunction with
other neurophysiological tools, TMS has been shown to alter brain functioning (Baeken,
De Raedt, Van Schuerbeek, Vanderhasselt, De Mey, Bossuyt & Luypaert, 2010; Baeken,
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Van Scheurbeek, De Raedt, De Mey, Vanderhasselt, Bossuyt & Luypaert, 2011; Bohning,
Shastri, McConnell, Nahas, Lorberbaum, Roberts, Teneback, Vincent & George, 1999;
De Raedt, Leyman, Baeken, Van Scheurbeen, Luypaert, Vernderhasselt & Dannlowski,
2010; Speer, Kimbrell, Wassermann, Repella, Willis, Hercovitch & Post, 2000).
There are a few ways to determine placement of the magnetic coil on the scalp,
including making use of prior brain scans or modeling of the scalp for localization
(Kobayashi et al., 2004; Ruff, Bestmann, Blankenburg, Bjoertomt, Josephs, Weiskopf,
Deichmann & Driver, 2008). Another common method of determining coil position is to
use the 10-20 EEG (Klem et al., 1999) system (Vanneste & de Ridder, 2012). Because
there are individual differences in brain anatomy, the techniques differ in their ability to
accurately target a brain region. The different methods have yielded different effect sizes,
but have all been shown to be reliable methods of altering behavior (Sack et al., 2008).
During TMS, magnetic burst “pulses” are delivered to the skull, and different
patterns of pulses have different effects on neural activity. The most common types of
TMS are single-pulse, paired-pulse and repetitive TMS (rTMS). Single pulse TMS
involves one pulse that is delivered to one brain area whereas paired pulse TMS involves
two pulses delivered to two different brain areas (Wasserman & Zimmermann, 2012).
Single-pulse and paired-pulse TMS are effective methods of exciting the cortex, however
they do not produce long-lasting results (Huang, Edwards, Rounis, Bhatia & Rothwell,
2005). rTMS involves delivering repetitive pulses to the scalp at set intervals with short
pauses in between. For example, at the 20 Hz level, the pattern could be 2 seconds of 40
pulses delivered, followed by a break for 28 seconds and then 2 seconds of 40 pulses etc.
(Rossi, Hallett, Rossini, Pascual-Leone, 2009). In general, rTMS can produce longer-
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lasting effects on the cortex. Participants generally tolerate the sensations of TMS (e.g.,
cutaneous sensations) and the effects of TMS are transient, making it ideal for research
purposes (for review, Pascual-Leone, Walsh & Rothwell, 2000), as well as for clinical
rehabilitative use (Mally & Stone, 1999). It is worth noting that more anterior targets can
be more unpleasant to the subject than posterior targets. Although TMS is typically well
tolerated, there have been cases where TMS, especially rTMS, has induced seizures in
healthy participants with higher stimulation parameters. To avoid inducing seizures,
safety guidelines must be followed, including staying under the maximum safety limits
(Rossi et al., 2009; Wassermann, 1998), and using adequate screening procedures to
eliminate participants with increased risk (Keel, Smith & Wassermann, 2009).
A relatively newer pattern of stimulation, theta burst stimulation (TBS), also uses
repetitive stimulation but in a slightly different way. With TBS, short bursts of 50 Hz
rTMS are delivered to the scalp and repeated in the theta range (5 Hz; Rossi et al., 2009).
In one study, TBS was applied at low-intensity bursts of rTMS at 50 Hz and the effects
on behavior were observed 1 hour later (Huang et al., 2005). In addition, there were three
different patterns utilized: 1) continuous TBS (cTBS), 2) intermittent TBS (iTBS), and 3)
intermediate TBS (imTBS; Huang et al., 2005). All the TBS patterns consisted of bursts
of 3 pulses at 50 Hz repeated at 5 Hz (or 200 ms intervals). cTBS consisted of 40 seconds
of uninterrupted TBS, or 600 pulses. The iTBS consisted of 2 seconds of TBS repeated
every 10 seconds for a total of 190 seconds, or 600 pulses. Lastly, imTBS consisted of 5
seconds of TBS, repeated every 15 seconds for a total of 110 seconds, or 600 pulses.
Results from this study found that cTBS produced inhibitory effects, iTBS produced
excitatory effects and imTBS produced effects between that of cTBS and iTBS (Huang et
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al., 2005; for review, Oberman, Edwards, Eldaief & Pascual-Leone, 2011). These results,
along with others (Nyffeler, Wurtz, Luscher, Hess, Senn, Pflugshaupt, vonWartbug,
Luthi & Muri, 2006; Paulus, 2005), suggest that TBS offers a safe and effective way to
manipulate neural firing (either by excitation or inhibition) with longer-lasting effects.
In addition to controlling the pulse rate, the experimenter must also set the
intensity of the pulses such that it will induce neural firing in the participant. Because
there is much individual variability in neural threshold (i.e., the critical level at which
neurons fire), it is important to functionally determine what power to set the device to for
each individual participant before the experiment begins (Bologini & Ro, 2010;
Kolbinger, Hoflich, Hufnagel, Moller & Kasper, 1995; Oliveri et al., 2001). A common
way to set intensity is by determining the “motor threshold,” which is the minimal
intensity required to induce muscle movement in a muscle either at “rest” or when it is
“active” (Rossi et al., 2009). Once the motor threshold is determined, the intensity of
TMS is set based on a fixed percentage, which will depend on the type of stimulation. For
instance, for rTMS, intensity can safely be between 100%-110% motor threshold (Rossi
et al., 2009). For TBS, intensity can be between 60%-90% motor threshold (Rossi et al.,
2009).
What makes TMS such a useful tool is that it can either enhance or disrupt
neuronal firing, depending on the frequency of the wave of pulses delivered (Rossi &
Rossini, 2004). Fast-frequency refers to anything above 1 Hz, whereas slow-frequency
refers to anything below 1 Hz (Rossi et al., 2009), and this difference can have significant
effects on performance in that fast-frequency TMS excites neurons, while slow-frequency
TMS inhibits neurons. This can be especially useful when trying to deal with clinical
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populations. For example, depressive patients show left frontal hypoactivation and right
frontal hyperactivation (Menkes, Bodnar, Ballesteros & Swenson, 1999). TMS can then
be used in two ways to help treat depression: 1) excitation of the left DLPFC and 2)
inhibition of the right DLPFC. For instance, one study used fast-frequency TMS (20 Hz)
over the left DLPFC to attenuate depressive symptoms by excitation (George et al., 1997),
while another study used slow-frequency TMS over the right frontal lobe to attenuate
depressive symptoms by inhibition (Menkes et al., 1999). Together, these studies
illustrate that TMS can be a powerful tool and that the frequency of the pulses can have
direct consequences on behavior.
Because TMS produces sensations for participants, it is important to include a
control group that also receives stimulation, which can reduce the placebo effect (i.e., an
active control group). For example, TMS produces a distinct clicking sound when it is
applied. While some safety guidelines suggest giving participants earplugs to counteract
any harmful effect of the loud clicking noise (Rossi et al., 2009), in order to minimize
expectancy biases, there should be a control group that also experiences these same
noises from stimulation. In such a case, participants can be placed into a “sham” group
that either does not receive actual stimulation through TMS (i.e., the coil is placed at an
angle in which the stimulation does not reach the brain; Rumi et al., 2005), or by
stimulating a region that is not thought to impact performance, such as the vertex (Renzi
et al., 2013). In this way, participants in the “sham” group do not know that they are not
receiving the critical stimulation, which is a more ideal control group for comparison.
It is significant to note the precision of the spatial resolution of TMS, which is
typically about 1 cm (Parks, Maclin, Low, Beck, Fabiani & Gratton, 2012). In terms of
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the motor cortex, the spatial resolution of TMS can be precise down to a finger
movement (Ro, Cheifet, Ingle, Shoup & Rafal, 1999). Importantly for the following TMS
experiment, TMS is capable of targeting subregions of the prefrontal cortex, specifically
the VLPFC and the DLPFC (Blumenfeld, Lee & D’Esposito, 2014). The precise spatial
resolution of TMS is therefore ideal for targeting the specific VLPFC region.
The temporal resolution of TMS varies depending on the type of stimulation. For
instance, single-pulse TMS to the visual cortex can disrupt visual perception when
delivered between 70-140 ms after stimulus onset, while TMS to the motor cortex can
cause muscle disruption for 200 ms (Bologini & Ro, 2010). This suggests that the
temporal resolution is very short for single-pulse TMS. Alternatively, other protocols that
have longer stimulation periods (e.g., rTMS and TBS) have a temporal resolution of
about 30 minutes to an hour, indicating a longer temporal resolution (Huang et al., 2005).
Therefore, the type of stimulation protocol determines the temporal resolution.
Importantly for feasibility of TMS on studies of emotion and memory, TMS has
also been shown to influence behavior related to affective stimuli (Kalbe, Schlegal, Sack,
Nowak, Dafotakis, Bangard, Brand, Shamay-Tsoory, Onur & Kessler, 2010; Schutter &
van Honk, 2006). In one study, participants were presented with an affective go/no-go
task (Bermpohl, Fregni, Boggio, Thut, Northoff, Otachi, Rigonatti, Marcolin & PascualLeone, 2005). Instructions were blocked such that participants were told to respond to
either positive stimuli in one block or negative stimuli in another. While doing the task,
participants received 1 Hz rTMS to 3 different sites: left DLPFC, right DLPFC and the
occipital cortex (with a delay to wash out effects after each one). Results showed that
application of this slow frequency rTMS to the left DLPFC resulted in more errors
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(omission and false alarms) for emotional stimuli as compared to slow frequency rTMS
to the right DLPFC and the occipital cortex. This study illustrates that slow frequency
rTMS can have impairing effects on behavior. In another study, participants were asked
to study positive and negative words. At retrieval, they were asked to recognize if a word
was old or new while undergoing fast-frequency rTMS (5 Hz) on the left DLPFC, a
cortical control site (Cz) or a sham condition (no stimulation). Results indicated that
participants were faster at identifying positive words, but only when rTMS was applied to
the left DLPFC (Balconi, & Ferrari, 2012). These results suggest that fast-frequency
rTMS can enhance memory performance. This study also suggests that the left DLPFC is
active during emotional memory tasks, which is consistent with the top-down route to
emotional memory (Dolcos & Denkova, 2014). However, this study is somewhat
inconsistent with the ventral affective-dorsal executive pathways, in that the DLPFC
seems to be critical in emotional memory (and not only dealing with cold, executive
processes being distracted by emotional salience). These studies also suggest that using
TMS, specifically rTMS, can manipulate brain function in lateral prefrontal regions to
consequently alter the processing of affective stimuli, with pulse frequency determining
whether or not the stimulation will impair or enhance performance. Table 1.1 summarizes
and compares the two different brain stimulation techniques.
Current Experiments
Based on the reviewed literature, the current dissertation experiments focused on
using two non-invasive brain stimulation techniques to better understand the role of the
VLPFC in emotional working and episodic memory tasks. Experiment 1 (Chapter 2) used
HD-tDCS over the left and right VLPFC to determine if the left and right VLPFC have
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different roles, with the left VLPFC important for enhancing working memory and the
right VLPFC important for enhancing episodic memory of distractors. Experiment 2
(Chapter 3) used cTBS to the left and right VLPFC to determine if valence and/or arousal
plus the amount of available attentional resources were important for VLPFC
involvement and subsequent emotional memory effects. Focusing on the VLPFC is
particularly important because very few studies have stimulated the VLPFC (Blumenfeld,
Lee & D’Esposito, 2014; Lee, Blumenfeld & D’Esposito, 2013), whereas many more
have stimulated the DLPFC in emotional memory tasks (Balconi & Ferrari, 2012,
Balconi & Ferrari, 2012, Schutter & Van Honk, 2006, for review, Balconi, 2013). Thus,
the proposed experiments are novel and fill a gap in the literature.
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Chapter 2
Transcranial Direct Current Stimulation to the right and left VLPFC leads to differential
effects on working and episodic memory with negative and neutral distractors.
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Abstract
Previous research has suggested that, in tasks that involve negative stimuli, activity in the
left VLPFC is correlated with better working memory (WM) performance, whereas
activity in the right VLPFC is correlated with subsequent episodic memory (EM). This
experiment used High-Definition Transcranial Direct Current Stimulation (HD-tDCS) to
test whether excitation of the left or right VLPFC would show differential effects of
negative and neutral stimuli on WM and EM tasks. While receiving HD-tDCS over the
left VLPFC, right VLPFC, or sham stimulation, participants completed a WM task in
which they tried to hold one or two shapes in mind while being presented with negative
and neutral distractors. One week later, participants returned for a surprise EM test for the
distractors. HD-tDCS over the left VLPFC led to improved WM performance compared
to sham, and this did not differ for negative or neutral distractors, consistent with a role of
the left VLPFC in general WM performance, potentially through inhibiting task irrelevant
stimuli. There were no effects of stimulation on subsequent EM performance. However,
when considering how performance on the WM task related to subsequent EM
performance, for trials that were subsequently remembered, a greater proportion of WM
trials were correct for both the right and left VLPFC group compared to the sham group,
and this did not differ for negative and neutral distractors. Whereas the results from the
left VLPFC group can be attributed to overall higher WM performance, findings from the
right VLPFC suggest a role of the right VLPFC in coping with distracting stimuli in a
manner that then leads to better WM for the distractors, potentially through its role in
reappraisal. Although the majority of effects were not specific to negative stimuli, there
was some evidence from reaction time data that the left VLPFC group showed better
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coping with negative distraction, at least under low cognitive load. Taken together, these
results indicate causal roles for the left VLPFC in WM, the right VLPFC in WM and
subsequent EM, and suggest that the left VLPFC may be effective at coping specifically
with negative stimuli under certain conditions.
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Introduction
Emotional stimuli can distract individuals from their current non-emotional goals,
but can then lead to enhanced memory for the same emotional stimuli (Dolcos, Iordan,
Kragel, Stokes, Campbell, McCarthy & Cabeza, 2013). For example, if a person was
trying to study for an exam and heard a gunshot in an alley, the gunshot would likely
capture the person’s attention and distract him/her from studying. In many cases, this
would lead to better episodic memory (EM) for the noise, and the information the person
was studying would be lost from working memory (WM; Dolcos & McCarthy, 2006).
However, in some cases, individuals are able to cope with emotional distraction (i.e., the
gunshot in our example) and still maintain the neutral information in WM (Dolcos,
Kragel, Wang & McCarthy, 2006). Experimental work using functional magnetic
resonance imaging (fMRI) has shown that activity in the left ventrolateral prefrontal
cortex (VLPFC) correlates with maintaining information in WM in the face of negative
distraction (Dolcos et al., 2006; Dolcos et al., 2013), potentially by inhibiting or
suppressing processing of the distractors (Phan et al., 2005). Although several fMRI
studies have shown greater activity in the left VLPFC in the presence of negative versus
neutral items (Chuah et al., 2010; Garcio-Pacios, Garces, del Rio & Maestu, 2017),
activity in the left VLPFC has correlated with success on WM tasks for neutral items as
well (Kwon, Reiss & Menon, 2002), raising the question about whether the left VLPFC
does indeed play a special role in WM in the face of negative distraction. Inconsistent
with an inhibition account, there were also cases when individuals maintained
information in WM and remembered the negative distractors later on, which correlated
with activity in the right VLPFC (Dolcos et al., 2013). This is consistent with a proposed
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reappraisal mechanism in the right VLPFC (McRae et al., 2010) and with a role of the
right VLPFC in elaborative encoding (Ritchey, LaBar & Cabeza, 2011). However, the
evidence has thus far been correlational. Hence, the overall goal of this experiment was to
examine the roles of the left or right VLPFC in a combined WM and EM task by using
High-Definition Transcranial Direct Current Stimulation (HD-tDCS) to test whether: 1)
the left VLPFC plays a specific role in coping with emotionally salient distraction during
WM tasks versus a more general role in WM tasks (i.e., for both negative and neutral
distraction), 2) the right VLPFC plays a specific role in the elaborative encoding of
negative stimuli versus a more general role in subsequent episodic memory, and 3) the
right VLPFC plays a role in coping with negative distraction during WM tasks in a way
that leads to better EM for the distractors.
A commonly used task to compare the effects of negative versus neutral
distraction is a delayed response WM task, in which participants are presented with
neutral cues (either faces or geometric shapes) to remember, and during the delay phase,
participants are presented with either negative or neutral stimuli as distractors (Dolcos &
McCarthy, 2006; Anticevic, Repovs & Barch, 2010). Lastly, participants are presented
with neutral probes (faces or geometric shapes) and asked to identify whether the probe
was studied or not. Results from these experiments have found that negative distractors
produced impaired WM performance (Dolcos & McCarthy, 2006), demonstrating that it
is harder to cope with negative distraction than neutral distraction. The left VLPFC is
thought to have a specialized role in coping with negative stimuli because activity in the
left VLPFC during the distractor period was increased for negative stimuli as compared
to neutral distractors when individuals were able to maintain information in WM (Dolcos
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et al., 2006; Dolcos et al., 2013). In another experiment, participants performed the
delayed-response WM task with negative, positive and neutral distractors while
undergoing magnetoencephalography (MEG; Garcio-Pacios, Garces, del Rio & Maestu,
2015). Results showed an increase in early and late responses to negative distraction in
the left VLPFC compared to neutral and positive distractors. In addition to WM studies,
studies from other cognitive domains have also shown that the left VLPFC is involved in
coping (e.g., Anderson et al., 2004; Qiao, et al., 2013). Thus, several studies suggest a
role for the left VLPFC in coping with negative distraction specifically, beyond a general
role in WM maintenance.
Alternatively, there is some evidence that the left VLPFC is involved in WM
maintenance tasks even when stimuli are neutral (Kwon, Reiss & Menon, 2002; Owen,
Evans & Petrides, 1996). Indeed, the left VLPFC is thought to be important for inhibiting
task irrelevant stimuli (Lague-Beauvais et al., 2013; Swick, Ashley & Turken, 2008;
Taylor et al., 1997; for review, Bauml, Pastotter & Hanslmayr, 2010), which is useful for
coping with both neutral and negative distraction. Thus, the first aim of the current study
was to determine if the left VLPFC is involved in general WM tasks or if its involvement
is specific to negative distraction (Dolcos et al., 2006).
Turning to the right VLPFC, the right VLPFC has been shown to lead to
enhanced EM for negative stimuli, potentially through elaborative encoding (Ritchey et
al., 2011). The right VLPFC has been shown to be active during processing of negative
stimuli (Dolcos, LaBar and Cabeza, 2004) and subsequent memory for negative stimuli
(St. Jacques, Dolcos & Cabeza, 2009). In one experiment, participants were asked to
encode negative, positive and neutral scenes in an fMRI scanner by answering questions
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that related to the meaning of the scene (deep encoding) or perceptual features of the
scene (shallow encoding; Ritchey, LaBar & Cabeza, 2011). Participants came back two
days later for a recognition task of the scenes. Neuroimaging results showed an increase
in right VLPFC activity for negative and positive, as compared to neutral, images that
were later remembered, but only in the deep encoding condition (as opposed to shallow
encoding). However, right VLPFC activity has also correlated with general enhanced EM
for neutral stimuli (Kirchhoff, Wagner, Maril & Stern, 2000), not just negative stimuli,
through elaborative encoding processes (Dove, Brett, Cusack & Owen, 2006). In this way,
right VLPFC might have a general role in encoding for EM, rather than one that is
specific to negative stimuli (Brewer et al., 1998). Thus, the second aim of the experiment
was to determine if the right VLPFC is involved in general EM performance, or if it is
specific to negative stimuli.
In addition to enhanced EM, the right VLPFC has also been implicated in
processing of negative distractors that lead to improved WM and EM performance
(Dolcos et al., 2013). In this experiment, participants performed a neutral delayedresponse WM task with negative and neutral distractors (Dolcos et al., 2013). Participants
came back a week later for a surprise EM test for the negative and neutral distractors.
Results showed an increase in right VLPFC for negative distractors that did not produce a
WM impairment and were remembered during the EM task (Dolcos et al., 2013). One
potential cognitive mechanism that would lead to successfully dealing with distraction
during WM and would also lead to elaborative encoding, is reappraisal (Dillon et al.,
2007). The right VLPFC having a role in reappraisal is consistent with a role of the
VLPFC being involved in a top-down, controlled model of emotional memory
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enhancement (for review, Iordan, Dolcos & Dolcos, 2013). In this model, VLPFC
activity leads to an emotional memory enhancement through coping with, and elaboration
of, negative stimuli (for review, Iordan et al., 2013). Previous work has shown that
general coping strategies (e.g., reappraisal) correlate with enhanced WM performance
(Andreotti et al., 2013; Schmeichel, Volokhov & Demaree, 2008). One experiment
illustrated this by measuring participants’ reappraisal ability before having participants
complete a WM task with negative and neutral stimuli. Results showed a positive
correlation between reappraisal ability and WM performance (McRae et al., 2012),
suggesting that there is a relationship between increased reappraisal ability and WM
performance (Schmeichel, Volokhov & Demaree, 2008). Additionally, there is a
relationship between reappraisal and enhanced EM (Dillon et al., 2007), potentially
through elaborative encoding processes, which also led to enhanced EM (Bradshaw &
Anderson, 1982; McDaniel et al., 1988). Therefore, it is possible that reappraisal led to
enhanced WM performance, while simultaneously leading to enhanced EM for those
distractors. However, the evidence thus far has been correlational. Therefore, the last aim
of the current experiment was to determine if the right VLPFC plays a role in enhanced
EM for distractors that do not disrupt WM, or linking together WM and EM performance
(for review, Iordan et al., 2013).
In summary, previous neuroimaging studies have suggested that: 1) the left
VLPFC might have a specialized role in combating negative distraction (Dolcos et al.,
2006), 2) the right VLPFC might have a role in elaborative encoding, leading to
subsequent enhanced episodic memory (Ritchey et al., 2011), and 3) the right VLPFC
might have a role in coping with distracting stimuli in a manner that then leads to better
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episodic memory for the distractors (Dolcos et al., 2013). However, neuroimaging data is
correlational, and a stronger test of the roles of the left and right VLPFC in emotional
WM and EM tasks would come from directly manipulating brain activity. Furthermore,
although neuroimaging studies reported certain contrasts correlated with left VLPFC
activity and others with right VLPFC, direct laterality tests were not performed (Dolcos
et al., 2013), and stronger laterality tests are needed to test the different hypothesized
roles of the left and right VLPFC. One way to determine if the VLPFC is involved in
WM and EM tasks, if it is specific to negative stimuli, and if there are hemispheric
differences, is to use non-invasive brain stimulation techniques to stimulate the left or
right VLPFC and to then compare behavior. Transcranial direct current stimulation
(tDCS) is one non-invasive brain stimulation technique that has been used to show how
brain regions relate to a variety of cognitive functions (Andrews et al., 2011; Chua &
Ahmed, 2016; Gaynor & Chua, 2016; Pergolizzi & Chua, 2015; Pergolizzi & Chua,
2016), including emotional memory (Fregni et al., 2005) and emotional processing
(Feeser et al., 2014).
Conventional tDCS involves passing a low level of current on the scalp between
two large, saline-soaked, sponge-covered electrodes, with one active stimulation
electrode (typically referred to as the anode) and one return electrode (typically referred
to as the cathode). Although the effects of tDCS on the brain are debated (Liebentanz,
Nitsche, Teragu & Paulus, 2002; Monai et al., 2016; Nitsche et al., 2004; for review,
Stagg & Nitsche, 2011), it is thought that this weak current leads to subthreshold shifts in
the resting membrane potential of neurons. Typically, these effects are thought to be
excitatory under the anode electrode and inhibitory under the cathode electrode; however,
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the types of effects are based on the direction of current flow and the orientation of axons
(Bikson et al., 2004). Typically, for excitatory stimulation, the anode is placed over the
brain region of interest and the cathode over a more distant region and the current flows
between them, presumably leading to increased excitability under the anode. However,
because conventional tDCS uses large sponges, it can stimulate neighboring areas of the
cortex and has poor spatial focality (Datta et al., 2009). There is a more focal version of
tDCS, which has been called High-Defintion tDCS (HD-tDCS; Caparelli-Daquer et al.,
2012; Datta et al., 2009). To specifically target the VLPFC, we used HD-tDCS, which
better confines the stimulation to the area of interest than conventional tDCS (Kuo et al.,
2013). Typically, HD-tDCS uses a 4 x 1 ring electrode placement, and we used a protocol
with 1 active electrode placed over the brain area of interest with 4 surrounding return
electrodes to target the left or right VLPFC.
In the current experiment, we applied active HD-tDCS over the left VLPFC, right
VLPFC or sham stimulation, during a WM task for neutral shapes that included negative
and neutral distractor scenes. Participants were then asked to return a week later for a
surprise episodic memory task for the distractor scenes. We first examined the role of the
left VLPFC in WM with the logic that: a) if the left VLPFC is involved in general WM,
then HD-tDCS over the left VLPFC should result in an increase in WM performance
after both negative and neutral distraction, compared to sham stimulation, or b) if the left
VLPFC has a specific role in coping with negative distraction, then HD-tDCS should lead
to a greater boost in performance after negative distraction, compared to neutral
distraction, for the left VLPFC stimulation group versus sham stimulation. We also
included a manipulation of load, with the prediction that there would be more of an effect
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of HD-tDCS stimulation (Jones & Berryhill, 2012) and negative distraction (Anticevic et
al., 2010) under the low load, as compared to high load. We then examined the role of the
right VLPFC in EM with the logic that: a) if the right VLPFC is involved in general EM
for scenes, then HD-tDCS over the right VLPFC should result in an increase in EM for
both negative and neutral scenes, compared to sham stimulation, or b) if the right VLPFC
has a specific role in enhanced EM for negative scenes, we expect greater recognition
accuracy in the EM task for negative scenes, compared to neutral scenes, for the right
VLPFC stimulation group relative to sham stimulation. We also examined the role of the
right VLPFC when considering both WM and EM performance with the logic that: a) if
the right VLPFC is involved in coping with distraction such that there is enhanced
performance in both WM and EM tasks, then HD-tDCS over the right VLPFC should
result in increased performance during the WM task, with an enhanced EM performance
for those same distractor scenes, compared to left and sham stimulation, or b) if the right
VLPFC is not specialized for linking together WM and EM performance, then
performance should be similar after right VLPFC, left VLPFC, or sham stimulation.
Methods
Participants
60 college students at an urban, public college on the East Coast (43 F; ages 1835) participated in this experiment for $15/hr or course credit. G*Power 3.1 (Faul et al.,
2007) was used to determine the sample size for 95% power to detect a medium-sized
effect for a mixed factor ANOVA. Participants were recruited through posted signs on
the college campus, classroom announcements, and through an online recruitment
website. All participants were screened for any contraindications for tDCS, including any
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history or family history of seizures, metal implants, neurological or psychiatric
conditions, medication use, open scalp wounds, or if they were pregnant. All participants
were naïve to the overall purpose of the experiment. Informed consent was conducted in
a manner approved by the Human Research Protection Program (HRPP) of the City
University of New York.
HD-tDCS Procedures
HD-tDCS was administered using a Soterix 4x1 adaptor for the Soterix 1x1 tDCS
Low Intensity Stimulator (Model 1224-B, Soterix Medical, New York, NY). The
stimulating electrode was set to deliver a total current of 2 mA, with the surrounding
return electrodes set to receive an equal current of 0.5 mA. During active stimulation,
participants received a total of 20 minutes of stimulation. During sham stimulation, the
current ramped up to 2 mA (to give the sensation of active tDCS) and then ramped down
during the first ~30 seconds, remained at 0.1 mA for 19 minutes, and then again ramped
up to 2 mA and down at the end of the sham session for the last 30 seconds. Because this
was a between-subjects design, participants were placed in the sham (n=20), left VLPFC
(n=20) or right VLPFC (n=20) condition.
Montage: Based off of computational models that generated simulated current
maps (HD-Explore; Soterix Medical, New York, NY), we selected a montage (i.e.,
electrode placement) that would stimulate the left VLPFC. For the left VLPFC and sham
groups, we placed the stimulating electrode at F7 and the return electrodes at F9, F5, FT7
and FC5 (Figure 2.2). The computer models generated in HD-Explore showed that this
montage should have a good overlap with the region that has been shown to be active in
coping with current emotional distraction (Dolcos et al., 2006). Similarly, we selected a
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montage targeting the contralateral right VLPFC, which the computer models generated
in HD-Explore showed should have good overlap with the region within the right VLPFC
that has been shown to be active in processing emotional stimuli for later episodic
memory (Dolcos et al., 2013). For the right VLPFC, the stimulating electrode was placed
at F8, and the return electrodes at F10, F6, FT8 and FC6.
Materials
Shape stimuli consisted of 128 black and white line drawings of abstract shapes
(Figure 2.1) that were taken from the Slotnick database (Slotnick & Schacter, 2004).
Slotnick & Schacter (2004) constructed these line drawings of abstract shapes to restrict
verbal processing. The shapes consisted of “families” of related shapes such that, for each
shape, there was one main shape (i.e., prototype) with multiple related shapes (i.e.,
exemplars; Slotnick & Schacter, 2004 Supplementary Material). We only used prototypes
in our experiment to ensure their distinctiveness. 128 negative and 128 neutral scenes
stimuli were taken from the International Affective Picture System (IAPS; Lang, Bradley
& Cuthbert, 1997) and other images used in previous experiments (Dolcos et al., 2013).
The selection of negative photos was constrained such that the valence ratings were <4
and the arousal ratings were >5, and would, therefore, be considered negatively valenced
and highly arousing. Some examples of negative scenes included car crashes, buildings
on fire, etc. Some examples of neutral scenes included street views, landscapes, etc. Due
to a programming error, one neutral photo was repeated in the EM task and so it was
removed from data analyses. We piloted the task and asked participants to rate the
distractors to ensure that the negative photos were more emotional and distracting.
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PsychoPy software (v. 1.84.0; Peirce, 2007; http://www.psychopy.org/) was used
to present stimuli and record responses. Stimuli were presented on a PC.
Behavioral Paradigm
Participants first performed a delayed-response WM task with emotional and
neutral distractors while undergoing HD-tDCS (Figure 2.1). In this task, participants were
presented with a fixation cross for 1 sec, followed by the shape memoranda for 4 sec and
were told to keep the shapes in mind. They were then shown another fixation cross for 1
sec, followed by 2 consecutive emotional or neutral scene distractors for a total of 11 sec
(5.5 sec each). Negative distractors in a single trial were matched on semantic content
(e.g., 2 mutilation photos). Participants were told to view the distractors, but to focus on
trying to remember the shape memoranda. Immediately afterwards, participants viewed a
shape for 3 sec and were asked to identify if the shape was old (by pressing 1) or new (by
pressing 2). They were then given 2 sec to rate the confidence of their judgment on a
scale from 1 (“Unsure”) to 5 (“Very Sure”). In order to correctly answer whether the
shape was old or new during the probe stage, participants must have kept the two cues in
mind during the delay stage, thus making it a working memory task.
Altogether, there were a total of 64 trials. Half of the trials had one shape
memorandum (low load) and half had two shape memoranda (high load). A load
manipulation was included because cognitive load has been shown to interact with WM
and the negative distraction effect (Anticevic et al., 2010), as well as tDCS effects (Jones
& Berryhill, 2012; Sandrini et al., 2012). There were an equal number of trials for each
distractor type (32 negative/32 neutral), an equal number of trials in each WM load (32
low load/32 high load), and an equal number of trials in which the probe was old and new
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(32 old/32 new). The trials were pseudorandomized, constrained such that there were no
more than 2 consecutive trials with negative distractors, to prevent a mood induction
(Anticevic et al., 2010). The experiment was counterbalanced, such that for “old” trials,
the probe shape was presented an equal number of times on the right and left side during
the cue stage.
Participants then returned for a surprise EM recognition test one week after
completing the WM task. The surprise EM recognition test consisted of the negative and
neutral “distractors” that were presented during the WM task, and “new” negative and
neutral scenes. It was a surprise recognition test because participants had not been told to
study the “distractors” during the WM task (i.e., an incidental encoding task) and did not
know they would be taking a memory test for the “distractors.” During the EM test,
participants were presented with the scene onscreen for 3 sec and asked to identify
whether the scene was old (i.e., if it was presented the week before, by pressing 1) or new
(by pressing 2). Participants were then asked to rate their confidence on a scale from 1
(“Unsure”) to 5 (“Very Sure”) for 2 sec (see Figure 2.1). There were a total of 256 trials
during this task. Trials were balanced for old/new and negative/neutral images.
Immediately following the EM test, participants were asked to rate negative and
neutral scenes that were presented during both the WM and EM tasks on a variety of
measures, all on a scale from 1-5. They were first presented with a negative or neutral
scene for 3 sec. Afterwards, they were asked to rate each photo in terms of valence,
which was defined by how positive or negative the photo was (1=negative, 5=positive).
They then rated the photo in terms of arousal, which was defined as how calming or
exciting/intense the photo was (1=calming, 5=exciting). Next, they rated the photo in
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terms of “sceneness,” or how much depth there was to the scene (Sharot et al., 2008; 1=a
little, 5=a lot). Afterwards, they rated the photo for distractibility, or how distractible
participants thought the scene was during the WM task for old photos and how
distractible the new photos were (1= a little, 5= a lot). Lastly, they rated the photos for
avoidance, which was defined as how much participants avoided looking at the scene
during the WM task for old photos and how much they avoided looking at the new photos
(1=a little, 5=a lot).
Because emotional processing and cognitive control might impact coping skills
during the WM task (Dolcos et al., 2013), we also collected participants’ scores on the
Positive and Negative Affective Schedule (PANAS; Watson, 1988) and the Barratt
Impulsiveness Scale (BIS-11; Patton et al., 1995) after the EM task. The PANAS
measures emotional states—i.e., participants rated if they had felt 20 emotions in the past
week on a scale from 1 (Very Slightly or Not at All) to 5 (Extremely). Examples of
emotions in the PANAS include “nervous,” “excited,” etc. The BIS-11 indexes cognitive
control/central executive through 30 questions, rated on a scale from 1 (Rarely/Never) to
4 (Almost Always/Always). Some examples included, “I plan tasks carefully” and “I buy
things on impulse.” For the BIS-11, participants were asked to answer as quickly and as
accurately as they could about how they think and act. Exploratory regression analyses
that included the PANAS or BIS-11 showed no significant results and are not reported
here.
Statistical Analyses
In order to determine if there was an effect of stimulation group and stimulus type
on WM, we analyzed old/new responses to the probes as proportion of correct responses
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(hits and correct rejections), as well as separate analyses for hits and correct rejections.
We also analyzed reaction times (RT) for hits and correct rejections. We analyzed the
data using a mixed model ANOVA. We had multiple within-subject factors (i.e., load,
stimulus type, accuracy) and one between-subject factor (i.e., stimulation group).
Because we were mainly interested in the relationships between the left or right VLPFC
and negative versus neutral stimuli, we followed up on significant 3- and 4-way
interactions using post-hoc tests that focused on stimulation x stimulus type effects. For
the full set of post-hoc tests, see Appendix A. Analyses for confidence data are also in
Appendix A.
For EM performance, we took a similar approach to WM analyses. We first
analyzed the proportion of correct responses, followed by analyzing hits and correct
rejections separately. We next analyzed RT data. Lastly, to examine HD-tDCS effects on
the relationship between WM and EM performance, we confined our analyses to
distractors that were remembered on the EM test, and examined the proportion of WM
trials that were correct.
We set our inclusionary criterion as having overall above chance (50%)
performance on the WM and EM tasks. However, some participants had no neutral hits
and only correct rejections, and vice versa, and so we had to remove them from reaction
time analyses. Specifically, two people were removed from WM analyses because under
high load, one person did not have any neutral hits (but had an overall performance of
68%) and another person did not have any neutral correct rejections (but had an overall
performance of 53%). One person was removed from the EM analyses for not having any
neutral hits (but an overall performance of 57%).
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Results
We first analyzed participants’ ratings of the scenes as a manipulation check to
ensure that participants in our sample rated the negative photos as being more emotional,
and that this did not differ by stimulation group. Results of a 2 (negative, neutral) x 3
(stimulation group: left, right, sham) ANOVA showed that negative images were rated:
1) as more negative (M=1.60, SEM±0.05) than neutral images (M=3.58, SEM±0.06), F(1,
55)=574.93, p<0.01; 2) as more arousing (M=4.02, SEM±0.07) than neutral images
(M=2.44, SEM±0.05), F(1, 55)=415.72, p<0.01; 3) with more “sceneness” (M=2.98,
SEM±0.14) than neutral images (M=2.61, SEM±0.10), F(1, 55)=6.15, p<0.02; 4) as more
distracting (M=3.01, SEM±0.12) than neutral images (M=1.61, SEM±0.08), F(1,
55)=168.97, p<0.01; and 5) with more avoidance (M=2.82, SEM±0.13) than neutral
images (M=1.36, SEM±0.07, F(1, 55)=165.79, p<0.01. There were no significant ratings
x stimulation group interactions. However, there was a marginal arousal x stimulation
group interaction, F(2, 55)=3.05, p<0.06, which was driven by participants in the right
VLPFC group (M=2.61, SEM±0.06) rating the neutral photos as more arousing than
those in the sham group (M=2.25, SEM±0.12, p<0.03) and marginally higher than those
in the left VLPFC group (M=2.46, SEM±0.07, p<0.10).
Working Memory Performance
Overall, participants performed well on the WM task, correctly identifying if the
probe was old or new 0.86±0.013 of the time. We first analyzed overall proportion of
correct responses (hits + correct rejections divided by all trials in which participants gave
a response), which is common in WM research (Park et al., 2003). Results of a 2
(stimulus type: negative, neutral) x 2 (load: one, two) x 3 (stimulation group: left, right,
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sham) ANOVA showed a main effect of stimulation group, F(2, 57)=3.49, p<0.04
(Figure 2.3). Follow-up post-hoc tests showed that participants in the left VLPFC group
performed significantly better (M=0.90, SEM±0.02) than those given sham stimulation
(M=0.82, SEM±0.02, p<0.04). There were no significant differences between the right
VLPFC (M=0.87, SEM±0.02) and left VLPFC (p<0.84) or sham groups (p<0.20). There
was also a typical main effect of load, such that participants performed better when there
was one shape to keep in WM (M=0.89, SEM±0.01) as opposed to two shapes (M=0.82,
SEM±0.01), F(1, 57)=41.55, p<0.01. There were no other significant main effects or
interactions.
Because previous work has shown different mechanisms underlying hits and
correct rejections (Rugg, Henson & Robb, 2003), we tested whether or not the results
differed for hits and correct rejections. Results from a 2 (stimulus type: negative, neutral)
x 2 (load: one, two) x 3 (stimulation group: left, right, sham) x 2 (accuracy: hits, correct
rejections) ANOVA showed similar results to analyzing proportion of correct responses.
Consistent with the proportion correct results, there was a main effect of stimulation
group, F(2, 57)=3.43, p<0.04, with the left VLPFC group performing significantly better
(M=0.90, SEM±0.02) than the sham group (M=0.81, SEM±0.02, p<0.04), and no
difference between the right VLPFC (M=0.87, SEM±0.02) and left VLPFC (p<0.80) or
sham groups (p<0.20). These results show that stimulation to the left VLPFC led to
overall improved WM performance. For other main effects and interactions, see
Appendix A.
We next tested for effects of stimulation and stimulus type on reaction time
(Marshall et al., 2005). Results from a 2 (stimulus type: negative, neutral) x 2 (load: one,
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two) x 3 (stimulation group: left, right, sham) x 2 (accuracy: hits, correct rejections)
ANOVA showed a load x stimulus type x accuracy x stimulation group interaction, F(2,
55)=6.93, p<0.01, (Figure 2.4). Post-hoc tests focused on stimulus type x stimulation
group interactions for hits and correct rejections under low and high load (for other
analyses, see Appendix A). The interaction was driven by a significant stimulus type x
stimulation group interaction in the low-load condition for correct rejections, F(2,
57)=6.33, p<0.01. Follow-up post-hoc tests showed that the sham (p<0.01) and right
VLPFC groups (p<0.03) were slower after negative versus neutral distractors, whereas
the left VLPFC group did not show a difference in reaction times for negative versus
neutral distractors (p<0.99). The finding that the left VPFC group, unlike the sham and
right VLPFC groups, did not show the typical effect of slower responding in the face of
negative versus neutral distraction is consistent with a role of the left VLPFC in coping
with negative distraction (Opitz et al., 2005), at least under certain conditions.
Episodic Memory Performance
Overall, participants performed moderately well on the surprise episodic memory
test, correctly recognizing 0.68±0.01 of the scenes. For the proportion of correct
responses, results of a 2 (stimulus type: negative, neutral) x 3 (stimulation group: left,
right, sham) ANOVA showed a main effect of stimulus type, such that participants were
more accurate in recognizing negative images (M=0.72, SEM±0.01) than neutral images
(M=0.64, SEM±0.01; F(1, 57)=128.90, p<0.01), which is consistent with emotional
effects on episodic memory (Kensinger & Schacter, 2007). There were no other main
effects or interactions.
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Similar to WM analyses, we next focused on whether there were differences
based on the type of correct response, but these analyses did not show effects of
stimulation either. Results of a 2 (stimulus type: negative, neutral) x 3 (stimulation group:
left, right, sham) x 2 (accuracy: hits, correct rejections) ANOVA showed a main effect of
stimulus type, F(1, 57)=29.16, p<0.01, and a main effect of accuracy, F(1, 57)=41.18,
p<0.01. These were qualified by a stimulus type x accuracy interaction, F(1, 57)=112.03,
p<0.01. Follow-up t-tests showed a significant difference such that participants were
more accurate for negative (M=0.71, SEM±0.02) than neutral (M=0.49, SEM±0.02)
images for hits, t(118)=7.14, p<0.01. There was also a marginal difference, such that
participants were more accurate for neutral (M=0.81, SEM±0.01) than negative (M=0.77,
SEM±0.02) images for correct rejections, t(118)=1.90, p<0.06 (Figure 2.5).
We next analyzed reaction times, which also showed no effects of stimulation.
Results of a 2 (stimulus type: negative, neutral) x 3 (stimulation group: left, right, sham)
x 2 (accuracy: hits, correct rejections) ANOVA showed a main effect of stimulus type
such that participants were slower for negative images (M=1.64s, SEM±0.03) than
neutral images (M=1.58s, SEM±0.03), F(1, 56)=29.12, p<0.01, and a stimulus type x
accuracy interaction, F(1, 56)=84.48, p<0.01 (Figure 2.6). Follow-up analyses to the
stimulus type x accuracy interaction showed that participants were slower to correctly
reject a negative scene (M=1.69, SEM±0.03) than a neutral scene (M=1.55, SEM±003),
t(116)=3.40, p<0.01. There were no significant effects when examining hits.
Working and Episodic Memory
We next tested for a relationship between coping with distraction during the WM
task and enhanced EM for the distractors, and were particularly interested if this
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relationship was dependent on the right VLPFC. To do this, we first calculated the
number of scenes that were subsequently remembered on the EM test and that were
distractors during trials when the shapes were successfully held in mind (i.e., working
memory correct & episodic memory remembered trials; Dolcos et al., 2013). In order to
control for the fact that negative scenes were better remembered than neutral scenes on
the WM test, we calculated the proportion of “working memory correct & episodic
memory remembered” trials out of all trials that were subsequently remembered at the
EM test, for both negative and neutral scenes. Results of a 2 (stimulus type: negative,
neutral) x 3 (stimulation group: left, right, sham) ANOVA showed a main effect of
stimulation group, F(2, 57)=4.95, p<0.02. Post-hoc analyses showed that the left VLPFC
(p<0.02) and right VLPFC groups (p<0.04) had a greater proportion of correct WM trials
that were also remembered on the EM test, than the sham group (Figure 2.7). For the Left
VLPFC group, this was likely driven by better WM performance overall compared to the
sham group. However, the right VLPFC did not differ from sham in overall WM
performance, suggesting that the right VLPFC is involved in coping with distracting
stimuli in a manner that then leads to better EM for the distractors.
Discussion
The overall goal of this study was to examine the role of the VLPFC in WM and
EM tasks and whether or not the role differed depending on whether the stimuli were
emotionally salient. In terms of overall WM performance, HD-tDCS over the left VLPFC
led to a significant improvement in WM performance, and this did not differ for negative
and neutral distractors, which is consistent with a role for the left VLPFC in general WM
tasks (for review, Owen et al., 2005), including maintaining neutral information in WM
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(Veltman, Rombouts & Dolan, 2003; for review, Fletcher & Henson, 2001). However,
there was some evidence from RT data that HD-tDCS over the VLPFC may have some
specific effects on coping with negative distractors. Typically, individuals show slower
RTs with negative compared to neutral trials (Kensinger & Corkin, 2003), but after HDtDCS over the left VLPFC there was no evidence of that difference (at least in some
conditions), suggesting that the left VLPFC is more effective at coping with negative
distraction (Dolcos et al., 2006). Examination of EM performance showed no effects of
stimulation. However, when we considered the relationship between performance on the
WM and EM tests, both the left and right VLPFC groups showed a greater proportion of
correct WM trials out of trials that were subsequently remembered on the EM test, and
this did not differ for negative and neutral stimuli. For the left VLPFC, this was likely
due to an overall increase in WM performance compared to sham. However, for the right
VLPFC, this finding is consistent with a role of the right VLPFC in coping with
distracting stimuli in a manner that then leads to better episodic memory for the
distractors (e.g., through reappraisal; Dillon et al., 2007). Overall, our HD-tDCS results
suggest that the roles of the left and right VLPFC in our combined WM and EM task is
largely similar when dealing with negative and neutral distractors. However, with left
VLPFC stimulation, there may also be a subtle boost for dealing with negative distractors.
Working Memory
HD-tDCS over the left VLPFC led to a significant improvement in WM accuracy
in the presence of both negative and neutral distractors compared to sham stimulation,
indicating that the left VLPFC has a causal role in overall WM. The majority of the
previous brain stimulation studies have focused on the DLPFC in WM tasks (for review,

	
  

Weintraub-‐Brevda	
  

	
  

60	
  

Brunoni & Vanderhasselt, 2014), while relatively fewer have focused on the VLPFC.
However, our results are consistent with the previous neuroimaging findings that the
VLPFC is involved in WM performance (Owen, Evans & Petrides, 1996; for review,
Owen et al., 2005). Although some previous work has suggested that the VLPFC was
involved in WM tasks that involved verbal stimuli (for review, Owen et al., 2005), other
work has shown that that the VLPFC is also involved in nonverbal WM tasks (Kwon,
Reiss & Menon, 2002). The current task used shapes that were designed to limit verbal
encoding (Slotnick & Schacter, 2004), and HD-tDCS over the left VLPFC led to
improved WM performance, suggesting that the VLPFC is also involved in nonverbal
WM. Although we did not directly test the mechanism through which HD-tDCS over the
left VLPFC leads to enhanced WM performance, and have generally referred to it as
“coping with distraction,” one potential mechanism by which the VLPFC contributed to
better performance is through inhibition of task irrelevant distractors (Swick, Ashley &
Turken, 2008; for review, Bauml, Pastotter & Hanslmayr, 2010), effectively suppressing
distractors to allow better maintenance of the memoranda in WM. Actively suppressing
distractors is a mechanism that can be effective for both neutral and negative distractors,
which may explain why there were similar effects for negative and neutral distractors.
Alternatively, because HD-tDCS was applied throughout the WM task, we cannot
rule out the possibility that enhanced performance occurred at the probe phase, in which
case left VLPFC stimulation could have led to enhanced post-retrieval selection (Badre et
al., 2005). Previous research has suggested that the left VLPFC has a role in postretrieval selection of episodic memories, but there is some evidence that the left VLPFC
also works in resolving interference from previous items stored in WM (Thompson-Schill
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et al., 2002). In this way, because our task used shapes that were similar to one another, it
is possible that stimulation of the left VLPFC enhanced performance by suppressing
proactive interference by the previous studied shapes during the probe phase (for review,
Badre & Wagner, 2007).
Given the number of neuroimaging studies showing greater activity in the left
VLPFC for successful negative versus neutral distraction (Dolcos et al., 2006; Dolcos et
al., 2013; for review, Iordan et al., 2013), it is surprising that there was no difference in
WM accuracy in the face of negative and neutral images related to the VLPFC. One
explanation is that performance in our sample was higher than in other samples (e.g.,
75% correct [Dolcos & McCarthy, 2006] vs. 82% correct after negative distraction), and
performance needs to be in the “sweet spot” (~75% correct) in order to detect differences
between stimulus types in WM (Dolcos et al., 2013). If differences in overall WM
performance explain the lack of differences with negative versus neutral distraction, then
this would indicate that the left VLPFC is active only to help cope with the negative
stimuli when the task is demanding enough to require an active coping mechanism
(Dolcos et al., 2006), but not too demanding to deplete attentional resources (Shafer,
Matveychuk, Penney, O’Hare, Stokes & Dolcos, 2012). Thus, future work should
examine effects when performance is more similar to the fMRI studies (Dolcos &
McCarthy, 2006).
Although improvements to WM accuracy in the left VLPFC group did not differ
for neutral and negative stimuli, the RT data showed some evidence for a role of the left
VLPFC in more effectively coping with negative distraction. The typical effect seen with
negative stimuli, which was seen in the sham and right stimulation groups, is that

	
  

Weintraub-‐Brevda	
  

	
  

62	
  

negative stimuli lead to an increase in RTs, as compared to neutral stimuli (Kensinger &
Corkin, 2003). However, HD-tDCS over the left VLPFC led to similar RTs after negative
and neutral distractors under a low load for correct rejections (although non-significant,
RT data had a similar numeric pattern to hits under high and low load). One explanation
for why there was a stimulation x stimulus type interaction only for correct rejections
under low load relates to attentional resources. Previous research suggests that when
there are attentional resources available (such as when the attentional load is low; Shafer
et al., 2012), greater activity in the left VLPFC correlates with better coping with
negative stimuli (Passarotti, Sweeney & Pavuluri, 2010). Our finding that HD-tDCS over
the left VLPFC shows evidence of coping with negative distraction during a WM task,
effectively erasing an otherwise slower RT to negative distraction, is consistent with
neuroimaging findings (Dolcos et al., 2006) and shows a causal role of the left VLPFC in
coping with negative distraction. Thus, when considering results from both accuracy and
RTs, the left VLPFC appears to have a role in coping with distraction regardless of
stimulus valence, with a potential added boost for negative distraction (Dolcos et al.,
2006).
Although our data indicate a clear role for the left VLPFC in WM performance,
the role of the right VLPFC is less clear. There were no significant differences in WM
performance between right VLPFC and either the left VLPFC or sham groups. Thus, we
cannot rule out the possibility that the right VLPFC might also be involved in WM tasks.
Indeed there is some evidence that the right VLPFC is important in WM tasks (Greicius
et al., 2003). Nevertheless, stimulating the right VLPFC did not lead to a significant
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difference compared to sham, suggesting that the left VLPFC may have a more robust
role in maintaining general information in working memory.
Episodic Memory
There were no effects of stimulation, over either the right or left VLPFC, related
to enhanced subsequent episodic memory one week later, for either negative or neutral
stimuli. All groups showed the typical emotional memory enhancement effect (Kensinger,
Garoff-Eaton & Schacter, 2007; Sharot et al., 2008). The lack of stimulation effects is at
odds with previous research that suggests that the right VLPFC is important for enhanced
negative EM (Ritchey et al., 2011). One potential reason that we did not show effects of
stimulation is that the effects of HD-tDCS did not last one week later. Indeed, the
majority of studies that use single-session tDCS have used shorter than week-long delay
intervals, although at least one study reported tDCS effects with long delay intervals
(Sandrini et al., 2014). Future work should test a shorter delay interval to determine if
tDCS can alter the enhanced negative EM effect at a shorter delay. Alternatively, a
stronger form of brain stimulation, such as transcranial magnetic stimulation (TMS), may
also be useful for determining if stimulation of the right VLPFC leads to enhanced
episodic memory.
The Relationship Between Working and Episodic Memory Performance
Lastly, we examined the role of the right VLPFC in the link between successful
performance after distraction during WM and enhanced EM for those same distractors.
Participants stimulated over the left or right VLPFC had a greater proportion of correct
WM trials out of the successful subsequent EM trials (i.e., later memory for the
distractors), as compared to sham stimulation, and this was similar for both neutral and
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negative distractors. However, the finding that the left VLPFC group had enhanced WM
and EM was likely driven by the overall increase of WM trials after left VLPFC
stimulation. Previous work has shown that the right VLPFC is involved in linking
together WM and EM performance particularly for negative distractors (Dolcos et al.,
2013). The right VLPFC is thought to be processing the distractors (potentially through
reappraisal, or elaborative encoding; Ritchey et al., 2011), which then leads to an increase
in both WM and EM performance. Although this might seem counterintuitive, the idea
that reappraisal during WM distraction leads to enhanced WM is consistent with previous
research that suggests a positive correlation between reappraisal and enhanced WM
performance (Brewer et al., 1998). Thus, it is possible that participants might have had to
reappraise the distractor scenes in order to not be distracted by them (i.e., coping), which
also led to deeper encoding of the distractor scenes and enhanced EM (Dillon et al., 2007;
Richards & Gross, 2000). Therefore, it is not surprising that the right VLPFC group,
showed enhanced WM performance after distractors that were also remembered better
during the EM task.
Potential Limitations
Although we did show effects of HD-tDCS over the VLPFC in WM and linking
together WM and EM performance, there were limitations to our experiment. First, we
used a between-subjects design in order to incorporate a surprise EM component for the
distractors, so that we could test for the link between WM and EM. However, this may
have introduced increased individual variability into our data sample, which can interact
with the effectiveness of tDCS (Li, Uehara & Hanakawa, 2015). Nevertheless, we used a
power analysis to determine the proper number of participants in the experiment to
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ensure a sufficient sample for our between-subjects design. Still, future work might want
to use a within-subjects design and assess WM and EM separately to decrease sample
noise.
There are also potential limitations to using HD-tDCS. While HD-tDCS has been
shown to effectively target areas of the cortex and lead to performance differences
(Weber et al., 2014), there is some controversy as to how exactly tDCS affects the brain
(for review, Stagg & Nitsche, 2011). Additionally, there are many factors that can impact
tDCS results, including individual variability (for review, Li, Uehara & Hanakawa, 2015),
with some evidence suggesting that stable personality traits (Pena-Gomez et al., 2011)
and cognitive factors (Berryhill & Jones, 2012; Tseng et al., 2012) can interact with tDCS.
However, we found no interaction between performance and our measures of stable
affective and cognitive states, the PANAS and the BIS-11. Additionally, although there is
some evidence that suggests that one session of tDCS does not lead to differences in
behavior (Horvath, Forte & Carter, 2015), other experiments have found that one session
of tDCS can lead to changes, both at the behavioral (Wolkenstein & Plewnia, 2013;
Pergolizzi & Chua, 2015) and neural (Keeser et al., 2011; Weber et al., 2014) levels. The
findings that tDCS can produce changes at the neural and behavioral levels suggest that
tDCS is effective at manipulating brain activity, presumably leading to changes in
behavior.
Conclusions
We used HD-tDCS to determine if there is a causal role of the VLPFC in both
working and episodic memory tasks, and whether or not this differed in the presence of
negative versus neutral stimuli. Using HD-tDCS, we showed that the left VLPFC was
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involved in coping with general distraction, with some subtle effects specific to negative
distraction. Additionally, right VLPFC was involved in enhanced EM for distractor
scenes that did not disrupt WM. Together, these results show that the VLPFC is causally
involved in general WM and EM tasks, with the left VLPFC involved during some subtle
coping with negative distractions. In addition to contributing to a better understanding of
the VLPFC, our results have the potential to lay the groundwork for using tDCS to treat
individual suffering from a dysfunction of the VLPFC, such as individuals with
Attention-Hyperactive Deficit Disorder (ADHD; Schachar et al., 2000; Hart et al., 2014),
who might benefit from treatment aimed at enhancing activity in the VLPFC.
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Chapter 3
Transcranial Magnetic Stimulation to the left or right VLPFC leads to inhibitory effects
of negative stimuli under full, but not divided, attention.
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Abstract
Negative stimuli are often remembered better than neutral stimuli, which has been called
the emotional enhancement of memory (EEM) effect. One hypothesis is that there are
two routes to the EEM effect: a controlled effect associated with activity in the
ventrolateral prefrontal cortex (VLPFC) related to stimulus valence and an automatic
effect driven by the amygdala that is related to stimulus arousal. The current experiment
focused on the role of the VLPFC in the EEM effect. Inhibitory transcranial magnetic
stimulation (TMS) was applied over the left VLPFC, right VLPFC and vertex
immediately before studying a list of “negative arousing,” “negative nonarousing,” and
“neutral” words under full and divided attention. After a 25-minute delay, participants
performed an Old/New recognition task for the 3 word types. After inhibition of the right
VLPFC during encoding under full attention, there was no evidence of the EEM effect
for either “negative arousing” or “negative nonarousing” stimuli. In contrast, after
inhibition of the left VLPFC during encoding under full attention, the EEM effect for
“negative arousing” words was intact, but there was no evidence of the EEM effect for
“negative nonarousing” words. The control condition, which applied TMS to the vertex,
showed the EEM effect for both stimulus types. Collectively, these results show that the
VLPFC plays an important role in encoding that leads to the EEM effect, and that the left
and right VLPFC play different roles depending on valence and arousal.
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Introduction
Previous research has shown that negative emotional stimuli are better
remembered than neutral ones (for review, Kensinger, 2009). The neural mechanisms
supporting this emotional enhancement of memory (EEM) effect have been shown to
differ based on how arousing the stimuli are (Clark-Foos & Marsh, 2008; Kensinger &
Corkin, 2004; Van Strien et al., 2009). For negatively valenced, highly arousing stimuli,
the EEM was driven by an amygdalar-hippocampal route (Dolcos, LaBar & Cabeza,
2004a; Kensinger & Corkin, 2004), which was thought to occur automatically (for review,
Kensinger & Schacter, 2008), whereas for negatively valenced, low arousal stimuli, the
EEM was driven by a prefrontal-hippocampal route, specifically, the ventrolateral
prefrontal cortex (VLPFC; Kensinger & Corkin, 2004), and was thought to be related to
elaborative processing (for review, Kensinger, 2004). These studies suggest that there are
two routes to the EEM effect, with the VLPFC involved in the controlled processing of
“negative nonarousing” stimuli. Therefore, the current experiment used transcranial
magnetic stimulation (TMS) to temporarily inhibit the VLPFC during a full and divided
attention encoding task in order to better understand the neural mechanisms subserving
the negative EEM effect for negatively valenced and arousing stimuli.
Evidence that item memory is enhanced for negative stimuli is robust (Adelman
& Estes, 2013; Cahill & McGaugh, 1995; Chapman et al., 2012; Dolcos, LaBar &
Cabeza, 2004a; Dolcos, LaBar & Cabeza, 2004b; Dolcos, LaBar & Cabeza, 2005;
Kensinger & Corkin, 2003; Kensinger & Schacter, 2007). In one experiment that
exemplifies the EEM effect, participants were asked to study words that were negative,
positive, or neutral (Doerkson & Shimamura, 2001). Later, participants were asked to
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freely recall the words that they had studied. More positive and negative words were
recalled than neutral words. Based on the multitudes of studies showing this effect (Bisby
& Burgess, 2014; Steinmetz & Kensinger, 2013; Dolcos et al., 2013; for review,
Kensinger, 2009), superior memory for emotional items has been dubbed the emotional
enhancement of memory (EEM) effect (Talmi et al., 2008). While there is evidence for
the EEM effect for both positive and negatively valenced stimuli, the EEM effect is
typically more robust for negative stimuli (Charles, Mather & Carstensen, 2003; Maddox
et al., 2012; Waring & Kensinger, 2009; for review, Kensinger, 2007). Thus, the current
experiment used negative stimuli to investigate the EEM effect.
To better understand the psychological mechanisms behind the EEM effect,
previous research has investigated different aspects of the negative stimuli being studied,
namely valence and arousal (Clark-Foos & Marsh, 2008; Gomes, Brainerd & Stein, 2013;
Kensinger & Corkin, 2004; Waring & Kensinger, 2009). Valence refers to how positive
or negative a stimulus is, whereas arousal refers to how calming or exciting a stimulus is
(Russell & Feldman Barrett, 1999; for review, Barrett & Bliss-Moreau, 2009). Previous
research has shown that there are two different mechanisms supporting the EEM based
on valence and arousal; the EEM based on valence is thought to be dependent on
controlled processing, whereas the EEM based on arousal is thought to be automatic
(Buratto et al., 2014; Kang et al., 2014; Kensinger & Corkin, 2004; Van Strien et al.,
2009; for review, Kensinger, 2004). For example, one experiment examined the EEM
effect when words varied based on valence and arousal (Kang, Wang, Wei Lu, 2014).
Participants encoded “negative arousing,” “negative nonarousing,” and “neutral” words
during full or divided attention blocks. Under full attention, both “negative arousing” and
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“negative nonarousing” words showed the EEM effect and were better remembered than
neutral words. In contrast, under divided attention, only “negative arousing” words, and
not “negative nonarousing” words showed the EEM effect, and were remembered better
than neutral words. Thus, it appears that in order to show the EEM effect, “negative
nonarousing” stimuli require additional attentional resources, whereas when the negative
stimuli are high in arousal (i.e., “negative arousing” words), the EEM effect seems to
occur automatically. As such, it is important to consider valence, arousal, and attentional
resources when understanding the psychological mechanism underlying the EEM effect.
At the brain level, previous evidence from fMRI studies suggests one model of
how emotional stimuli might enhance item memory. The model suggests that arousing
stimuli automatically activate a “bottom-up” route, which includes the amygdala. In this
way, arousal can lead to enhanced memory through amygdalar connections with the
medial temporal lobe (MTL; Dolcos, LaBar & Cabeza, 2004; Kensinger & Schacter,
2008; for review, Mather & Sutherland, 2011). On the other hand, negatively valenced
low arousal stimuli activate a “top-down” route, which includes connections between the
prefrontal cortex and hippocampus, specifically the VLPFC and DLPFC (Dolcos, LaBar
& Cabeza, 2004b; Mickley Steinmetz & Kensinger, 2009; for review, LaBar & Cabeza,
2006). This route can lead to enhanced memory through elaborative encoding (Dillon et
al., 2007; Richards & Gross, 2000) and controlled processing (Kang et al., 2014), which
correlate with activity in the VLPFC (Demb et al., 1995; Rygula et al., 2010; Wagner et
al., 1998).
While bilateral VLPFC has been shown to be involved in these top-down EEM
effects (for review, Iordan et al., 2013), there is also evidence of hemispheric differences
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in the VLPFC (Dolcos et al., 2013). For example, only the left VLPFC has been shown to
correlate with the EEM effect for “negative nonarousing” stimuli (Kensinger & Corkin,
2004). Left VLPFC activity was hypothesized to be involved in the EEM effect for
“negative nonarousing” stimuli through its role in elaborative encoding and controlled
processing (Fletcher, Shallice & Dolan, 1998; for review, Fletcher & Hanson, 2001,
Kensinger, 2004). In contrast, right VLPFC activity has been shown to correlate with the
EEM effect (Dolcos et al., 2013; Ritchey et al., 2011), but stimuli were not analyzed for
separable effects of valence and arousal. Thus, there might be differences regarding
which hemisphere of the VLPFC subserves the EEM effect for negative stimuli
depending on valence and/or arousal. Although the previously mentioned fMRI studies
reported activity differences in the left VLPFC in one case and right VLPFC in another
case, laterality was not directly tested. Thus, one goal of this experiment is to directly
compare the left versus the right VLPFC in the EEM effect.
Although previous research has suggested that the VLPFC is part of a distinct
route to the EEM effect, extant research has relied on correlational techniques such as
fMRI (Kensinger & Corkin, 2004), and it is important to use experimental techniques to
clearly demonstrate a role for the VLPFC in the EEM effect. Therefore, the current study
used Transcranial Magnetic Stimulation (TMS) to experimentally manipulate activity in
the VLPFC to test its role in the negative EEM effect, and whether or not its activity
depends on available attentional resources and stimulus features (i.e., valence and
arousal). TMS is a safe way to alter neural firing (for review, Rossi et al., 2009) that
involves sending an electrical current through a coil that is placed on the scalp above a
focal area of the cortex (Priori, Hallett & Rothwell, 2009). This current creates a
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magnetic field that can permeate through the scalp and skull to induce a secondary
current that induces neural firing (Anand & Hotson, 2002).
Because we were specifically interested in the VLPFC and stimulation to more
anterior and ventral regions of the PFC can be uncomfortable for participants, we used a
relatively newer stimulation protocol, continuous theta-burst stimulation (cTBS), because
it can be applied for a short period of time (~20 sec) with effects lasting up to a half hour
(Huang et al., 2005). Similarly, other experiments testing cognitive functions have used
cTBS to inhibit a brain region of interest and showed impaired performance (Blumenfeld,
Lee & D’Esposito, 2014; Bor et al., 2017; Lapate et al., 2017). Thus, we used cTBS to
inhibit VLPFC activity during encoding. We stimulated participants before the encoding
task in order to minimize the physical effects of stimulation (e.g., facial twitching,
discomfort, etc.) on the task.
For the current experiment, we applied cTBS over the left VLPFC, right VLPFC
or vertex immediately before participants encoded “neutral”, “negative nonarousing”, and
“negative arousing” words under full and divided attention. After a 25-minute delay,
participants performed a recognition test for the words. We examined whether inhibiting
the left or right VLPFC during encoding would lead to changes in the EEM effect, and
whether this depended on valence, arousal, and available attentional resources. Because
VLPFC activity is thought to depend on attentional resources and correlate with
controlled processing (Badre et al., 2005; Ritchey et al., 2011; Lindquist et al., 2012; for
review, Fletcher & Hanson, 2001), we predicted that inhibiting the VLPFC would reduce
EEM effects only during full, but not divided attention. Because right VLPFC correlated
with a general EEM effect (Ritchey et al., 2011), we predicted that inhibiting the right
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VLPFC would reduce the EEM effect for both “negative arousing” and “negative nonarousing” words. In contrast, because left VLPFC activity previously correlated with the
EEM effect only for “negative non-arousing” and not “negative arousing” words, we
expected that inhibiting the left VLPFC would reduce the EEM effect for “negative nonarousing” words.
Methods
Participants
18 college students at an urban, public college on the East Coast (15 F; ages 1835) participated in this experiment for $15/hr. MorePower 6.0 (Campbell, Thompson &
Saskatchewan, 2012) was used to determine the sample size for 80% power to detect a
large-sized effect (a large effect size was used from results of the piloting data).
Participants were recruited through posted signs on the college campus and through
classroom announcements. Some participants in this experiment also participated in the
experiment in Chapter 2. All participants were screened for any contraindications for
TMS, including any history or family history of seizures, metal implants, neurological or
psychiatric conditions, medication use, or if they were pregnant. Participants were also
excluded if they were left-handed. Informed consent was conducted in a manner
approved by the Human Research Protection Program (HRPP) of the City University of
New York.
TMS Procedures
A Magstim Rapid2 Plus magnetic stimulator and air-cooled 70mm figure eight
coil was used for TMS (Magstim Co., Whitland, Dyfed, UK). To determine motor
threshold (MT), the figure eight coil was placed at a 45° angle over the left motor cortex.
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Participants lightly pinched their index and thumb together to obtain active MT. The coil
was moved along the scalp and stimulation intensity increased (starting at 35% and was
raised 5%) until a visible hand movement was observed. Motor threshold was determined
by the lowest stimulus intensity needed to produce a finger movement 4/5 times.
The target sites were: left VLPFC, right VLPFC and the vertex. Stimulation sites
were localized using the extended EEG electrode placement system (Sack et al., 2008).
Within the VLPFC, we targeted Brodmann’s Area 47 (BA 47) because previous work
implicated it in: 1) processing of negative stimuli (Dolcos et al., 2004; Yamasaki et al.,
2002; Asencio et al., 2010), 2) coping with emotional distraction (Vetter et al., 2015), and
3) successful encoding of negative stimuli (Kensinger & Corkin, 2004). Location AF7
roughly corresponds to left BA 47 and AF8 roughly corresponds to right BA 47
(Technologies Trans Cranial, 2012).
After the stimulation site was localized and MT was determined, cTBS was
administered. TBS involves delivering short bursts of 50 Hz repetitive TMS (rTMS) in
the theta range (5 Hz; Rossi et al., 2009). The exact patterning of the stimulation
determines whether the effects on neural activity are excitatory or inhibitory (Huang et al.,
2005). In this protocol, because we were interested in inhibiting VLPFC, participants
were given 20 sec of TBS pulses (300 pulses) at 80% of MT, which has been shown to
produce inhibitory effects for ~20 min (Huang et al., 2005). This method is ideal for
prefrontal stimulation, as it only requires a short period of stimulation and therefore
minimizes participant discomfort (Blumenfeld, Lee & D’Esposito, 2014; Huang et al.,
2005).
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Each participant completed 3 TBS sessions and received TBS to left VLPFC,
right VLPFC, or the vertex in the different sessions. The order of stimulation was
counterbalanced across participants.
Materials
Participants studied 360 words and were then tested on an additional 180 words
from the Affective Norms for English Words (ANEW; Bradley, Cuthbert & Lang, 1999).
There were three types of words: 1) low valence and low arousal (which we call
“negative nonarousing” words; Kensinger & Corkin, 2004), 2) low valence and high
arousal (which we call “negative arousing” words) and 3) neutral valence and low arousal
(which we call “neutral” words). The words were categorized using the ratings given
from the ANEW database. “Negative nonarousing” words were defined by a valence
rating <5 and an arousal rating <5, the “negative arousing” words were defined by a
valence rating of <5 and an arousal rating of >6, and the “neutral” words were defined by
a valence rating between 5 & 7 and an arousal rating <5. A repeated measures ANOVA
confirmed that the word types differed by valence, F(2, 358)=1182.08, p<0.01, with
“negative nonarousing” words (M=3.03, SEM±0.04) and “negative arousing” words
(M=2.93, SEM±0.05) rated as more negative than “neutral” words (M=5.62, SEM±0.04;
both t(179)’s>40,both p’s<0.01). Furthermore, there was no difference in valence ratings
between the “negative nonarousing” and “negative arousing” words, t(179)=1.50, p<0.20.
Similarly, a repeated measures ANOVA confirmed that the word types differed in arousal,
F(2, 358)=820.31, p<0.01, with “negative arousing” words (M=6.50, SEM=0.03) rated as
more arousing than “negative nonarousing” words [M=4.43, SEM=.04), t(179)=44.67,
p<0.01, and “neutral” words (M=4.34, SEM=0.06), t(179)=32.80, p<0.01. Moreover,
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there was no difference in arousal between the “negative nonarousing” and “neutral”
words, t(179)=.89, p<0.40.
For the auditory discrimination task used to divide attention, low (150 Hz; Talmi
et al., 2007), medium (300 Hz) and high (450 Hz) pitched tones were created using the
website (http://www.audiocheck.net/audiofrequencysignalgenerator_sinetone.php).
PsychoPy software (v. 1.84.0; Peirce, 2007; http://www.psychopy.org/) was used
to present stimuli and record responses. Stimuli were presented on a PC.
Behavioral Paradigm
Immediately after receiving TBS, participants encoded a list of words either under
full or divided attention conditions (Figure 3.1). Participants were presented with words
one at a time onscreen for 3 sec each. In each encoding session, there were 60 words (20
“negative arousing”; 20 “negative nonarousing”; 20 “neutral”) that were passively
encoded under full attention and 60 words (20 “negative arousing”; 20 “negative
nonarousing”; 20 “neutral”) that were encoded under divided attention. In the divided
attention task, participants studied the word list while completing a standard auditory
discrimination task (Fernandez & Moscovitch, 2000; Talmi et al., 2007), in which
participants identified whether a tone was low, medium or high pitched. The keyboard
was labeled with “Low,” “Medium,” and “High” buttons. Participants were told to do
both tasks (i.e., encoding and tone discrimination) equally at the same time. The encoding
trials were blocked, such that participants encoded all the words under full attention and
then all the words under divided attention, or vice versa. The order of whether
participants heard the list under full or divided attention was counterbalanced. After
encoding, participants completed a delay task for ~25 minutes, in which they were given
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a non-verbal distractor task (coloring). They were told to relax and to color at their own
pace.
Participants then performed a recognition task for the word lists ~25 minutes after
encoding. The delay increased the likelihood that the TBS effects had subsided (Huang et
al., 2005) and would not affect the brain during recognition, enabling us to infer that
differences in performance were based on differences induced by cTBS at encoding.
Additionally, we used a 25-minute delay in order to have the encoding and retrieval
sessions in one day for each stimulation site, decreasing the likelihood of participant
attrition for the 3 visits. During the task, participants were presented with a word
onscreen for 3 sec and asked to identify if the word was presented during encoding by
pressing 1 for “old” or by pressing 2 for “new.” Participants then had 2 sec to rate their
confidence level on a scale from 1 (“Unsure”) to 3 (“Very Sure”; Figure 3.1). Participants
were presented with a total of 180 words (60 “negative arousing”/60 “negative
nonarousing”/60 “neutral”) during retrieval. 120 of the words were old and 60 were new.
On the third and final visit, all participants completed the Positive and Negative Affective
Schedule (PANAS; Watson, 1988) and the Barratt Impulsiveness Scale (BIS-11; Patton
et al., 1995). Exploratory regression analyses that included the PANAS or BIS-11
showed no significant results and are not reported here.
Each subject received the same order attention blocks of full and divided attention
at each visit (i.e., under each stimulation site), with equal numbers receiving the full
attention task first and the divided attention task first.
Statistical Analyses
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The EEM effect was determined by difference scores in the proportion of “hits”
(i.e., “old” responses to old items) for “negative arousing” - “neutral” (i.e., “negative
arousing EEM”) and “negative nonarousing” - “neutral” (“negative nonarousing EEM”).
Although it is typical to use corrected recognition scores (i.e., hits – false alarms) to
characterize memory effects (Schacter, Verfaelie & Pradere, 1996), our attention
manipulation was at encoding such that false alarms could not be attributed to a divided
attention condition.
Because this study was completely within-subjects, we used a repeated measures
ANOVA to determine the effect of stimulation, stimulus type, and attention on the EEM
effect. For significant effects, we conducted post-hoc follow-up ANOVAs and t-tests.
Additionally, in order to verify that there was indeed an EEM effect, we conducted
single-sample t-tests to show that performance was significantly different than zero.
Although we did not include false alarms in our EEM analyses, to ensure that our results
were not merely reflecting a bias for “old” responses, we analyzed false alarm (FAs) rates
(i.e., indicating old when the item was new) by stimulation site and stimulus type using a
repeated measures ANOVA. We also analyzed reaction times and confidence ratings,
which are reported in Appendix B.
Results
We first compared overall performance on the recognition task between the full
and divided attention conditions. Contrary to our expectations, there was no difference in
the proportion correct (hits + correct rejections) at recognition between full (0.61±0.02)
and divided (0.60±0.02) attention. Despite no differences in recognition, participants did
engage in the tone discrimination task, with a proportion correct score of 0.93±0.01,
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showing that they divided their attention towards this task. However, it appears that,
unlike in pilot testing, this tone-discrimination task was insufficient to diminish encoding
of the words.
We next examined whether the EEM effect depended on stimulus type,
stimulation, attention, and any interactions between them. Results of a 2 (“negative
arousing EEM”, “negative nonarousing EEM”) x 3 (stimulation site: left VLPFC, right
VLPFC, vertex) x 2 (attention: full, divided) ANOVA showed a significant main effect of
stimulation site, F(2, 34)=3.34, p<0.05, and a main effect of attention, F(1, 17)=23.76,
p<0.01. These main effects were qualified by a stimulus type x stimulation site x
attention interaction, F(2, 34)=3.78, p<0.04 (Figure 3.2).
To follow up on the significant stimulus type x stimulation site x attention
interaction, we separated the data by attention condition. For full attention, results of a 2
(“negative arousing EEM”, “negative nonarousing EEM”) x 3 (stimulation site: left
VLPFC, right VLPFC, vertex) ANOVA showed a main effect of stimulus type, F(1,
17)=5.57, p<0.04, such that participants had a greater “negative arousing EEM” effect
(M=0.09, SEM±0.03) than “negative nonarousing EEM” effect (M=0.04, SEM±0.02).
There was also a main effect of stimulation site, F(2, 34)=3.86, p<0.04, such that right
VLPFC stimulation showed a lower EEM effect (M=-0.004, SEM±0.03) compared to
vertex (M=0.09, SEM±0.04, p<0.04) and left VLPFC stimulation (M=0.09, SEM±0.04,
p<0.04). Reduced EEM effects with inhibition of the right VLPFC are consistent with a
role of the right VLFPC in encoding both “negative arousing” and “negative nonarousing”
stimuli. Lastly, there was a marginal stimulus type x stimulation interaction, F(2,
34)=2.93, p<0.07. Although the stimulus type x stimulation interaction was marginal, we
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conducted exploratory analyses to test whether the EEM differed for “negative arousing”
and “negative nonarousing” stimuli based on stimulation. When comparing within
stimulation sites, paired t-tests showed no difference in the EEM for “negative arousing”
and “negative nonarousing” stimuli after vertex or right VLPFC inhibition. However,
after left VLPFC inhibition, the EEM effect for “negative nonarousing” stimuli (M=0.04,
SEM±0.04) was reduced compared to the EEM effect for “negative arousing” stimuli
(M=0.15, SEM±0.04), t(17)=3.35, p<0.01), suggesting that the left VLPFC plays a
specific role in the EEM effect for “negative nonarousing” stimuli. Further follow ups
comparing stimulation sites showed a significant difference between stimulation sites for
the “negative arousing EEM” effect, F(2, 34)=5.25, p<0.02, with a significant quadratic
effect, F(1, 17)=8.78, p<0.01. Paired t-tests showed that the right VLPFC condition
showed a significantly smaller “negative arousing EEM” effect (M=0.004,
SEM±0.0) compared to left VLPFC condition (M=0.150, SEM±0.04), t(17)=3.33,
p<0.01) and a marginally smaller “negative arousing EEM” effect as compared to the
vertex condition (M=0.105, SEM±0.04), t(17)=2.02, p<0.70. There was no difference
between vertex and left stimulation (p<0.40). There were no significant differences
between any of the stimulation sites for “negative nonarousing” stimuli, F(2, 34)=2.02,
p<0.20.
Because there were reductions in the EEM effect under certain stimulation and
stimulus parameters, we further examined whether the EEM effect existed under full
attention (i.e., was greater than zero) in the different conditions. One-sample t-tests
showed a significant EEM effect for both “negative arousing” and “negative nonarousing”
stimuli with vertex inhibition, and for “negative arousing” stimuli with left VLPFC
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inhibition (all t’s>2.16, all p’s <0.05), whereas the EEM did not differ from zero for
“negative arousing” and “negative nonarousing” stimuli with right VLPFC inhibition,
and for “negative nonarousing” stimuli with left VLPFC inhibition (all t’s<1.00, all p’s
>0.40), suggesting that the EEM effect was eliminated in these conditions.
Turning to the divided attention condition, a 2 (“negative arousing EEM”,
“negative nonarousing EEM”) x 3 (stimulation site: left VLPFC, right VLPFC, vertex)
ANOVA for the EEM effect showed a only main effect of stimulus type, such that
participants had a greater EEM for “negative arousing” stimuli (M=0.14, SEM±0.04) than
“negative nonarousing” stimuli (M=0.08, SEM±0.03), F(1, 17)=9.01, p<0.01. There were
no other significant main effects or interactions.
One possible concern is that the EEM effects, which were based on the proportion
of hits, were driven by biased responding to call negative words "old," and that this
differed by stimulation site. Evidence for biased responding would be an increased false
alarm rate for “negative arousing” and “negative nonarousing” words. We chose not to
include FAs in our characterization of the EEM effect because "New" items at retrieval
could not be attributed to either the full or divided attention condition, which means that
if we corrected for recognition, we would be subtracting the same number from each of
those conditions. Furthermore, it is more difficult to interpret effects of inhibition at
encoding on false alarms. Nevertheless, we tested whether the false alarm rate differed by
stimulation site and by stimulus type. A 3 (stimulus type: “neutral,” “negative
nonarousing,” “negative arousing”) x 3 (stimulation site: left VLPFC, right VLPFC,
vertex) ANOVA showed a main effect of stimulus type, F(2, 34)=13.83, p<0.01, with
fewer FAs for “neutral” (M=0.26, SEM±0.03) than “negative arousing” (M=0.40,
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SEM±0.03), t(17)=6.28, p<0.01, and “negative nonarousing” (M=0.37, SEM±0.03),
t(17)=3.83, p<0.01. Although there was a bias to call either type of negative stimulus
"old," there was no effect of inhibition on false alarms, nor was there a stimulation x
stimulus type interaction, suggesting that the effects of inhibition on the EEM effect were
not solely driven by biased responding.
Discussion
In this experiment, we tested the roles of the left VLPFC and right VLPFC in the
negative EEM effect, and whether these roles depended on valence, arousal, and/or the
amount of attentional resources available (Kensinger & Corkin, 2004; Kang et al., 2014).
Consistent with previous neuroimaging work (Ritchey et al., 2011), inhibition of the right
VLPFC reduced the EEM effect for both “negative arousing” and “negative nonarousing”
stimuli under full attention. In contrast, and consistent with other fMRI studies
(Kensinger & Corkin, 2004), again under full attention, inhibition of the left VLPFC
reduced the EEM effect for “negative nonarousing” words, yet the EEM effect for
“negative arousing” words was intact. These findings suggest that if there are enough
attentional resources, the VLPFC plays a role in the EEM effect (for review, Iordan et al.,
2013), with different roles for the left and right VLPFC depending on valence and/or
arousal.
Right VLPFC and Emotional Memory
We used cTBS to understand if the right VLPFC contributes to the EEM effect
based on stimulus valence and/or arousal. With vertex inhibition and full attention there
was evidence for the EEM effect for “negative arousing” and “negative nonarousing”
items. In contrast, after inhibiting the right VLPFC during full attention there was no
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evidence of the EEM effect. This finding is consistent with previous neuroimaging
findings suggesting a role of the right VLPFC in processing negative stimuli (Kensinger
& Schacter, 2006; Dolcos, LaBar & Cabeza, 2004; Garcia-Pacios et al., 2017), potentially
leading to the EEM for negative stimuli (Dolcos et al., 2013; Ritchey et al., 2011). In this
way, the right VLPFC could be involved in subsequent memory effects for all stimuli that
are negative, consistent with the current findings that inhibition of the right VLPFC led to
a removal of the EEM effect for both “negative arousing” and “negative nonarousing”
stimuli.
Alternatively, the right VLPFC may be involved in two separate routes, one based
on valence and one based on arousal, with separate mechanisms accounting for the
reduction in the “negative arousing” and “negative nonarousing” EEM effects. Previous
research indicates that the right VLPFC might be involved in arousal-based memory
(Mickley Steinmetz & Kensigner, 2009) through its functional connectivity with the
amygdala (Kensinger & Schacter, 2006; Dolcos et al., 2013), and that it is also involved
in valence-based EEM effects through top-down/cognitive control mechanisms (Ritchey
et al., 2011).
To understand how the right VLPFC might lead to the EEM effect based on both
stimulus valence and arousal, it is important to understand that right VLPFC is active
during tasks that require both controlled and automatic processing. The right VLPFC has
been shown to correlate with participants’ self-reported distractibility ratings (Dolcos &
McCarthy, 2006) and cognitive appraisal of negative stimuli (McRae et al., 2010;
Morawetz et al., 2015; Wager et al., 2008), both of which are aspects of controlled
processing. Therefore, the right VLPFC might relate to the EEM effect for “negative
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nonarousing” stimuli, or stimuli that relies on controlled processing. Additionally, the
right VLPFC has been shown to correlate with arousal (Mickley Steinmetz & Kensigner,
2009) and amygdala activity (Dolcos et al., 2006), potentially leading to the arousalbased EEM effect. Thus, right VLPFC activity can potentially lead to the EEM effect for
both “negative arousing” and “negative nonarousing” stimuli through both controlled
(e.g., processes like cognitive appraisal) and automatic processing of negative stimuli
(Ritchey et al., 2011), which is consistent with our current finding that inhibition of the
right VLPFC under full attention led to impairments in both “negative arousing” and
“negative nonarousing” EEM effects.
Left VLPFC and Emotional Memory
Unlike the right VLPFC condition, which showed no evidence of the EEM effect
for both “negative arousing” and “negative nonarousing” stimuli under full attention,
with left VLPFC inhibition and full attention, there was evidence for the EEM effect for
“negative arousing” but not “negative nonarousing” stimuli. These results are consistent
with the hypothesis that left VLPFC activity leads to enhanced memory for “negative
nonarousing” words, potentially through its role in in controlled processing and encoding
(Fletcher, Shallice & Dolan, 1998; St. Jacques, Dolcos & Cabeza, 2009; for review,
Fletcher & Hanson, 2001). One potential mechanism that leads to the EEM effect is
elaborative encoding (Steinmetz & Kensinger, 2013). In this way, negative stimuli
benefit from enhanced elaboration, leading to the EEM effect. Elaborative encoding has
been shown to correlate with the left VLPFC (for review, Blumenfeld & Ranganath,
2007), and thus, one interpretation of our findings is that inhibiting the left VLPFC led to
a decrease in elaboration of low arousal words resulting in a decrease of the EEM effect
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for “negative nonarousing” words. A potential explanation for why the left VLPFC is
specifically involved during encoding of “negative nonarousing” words is that these
words may require more controlled processing for encoding because they do not have the
automatic effects of arousal (Kang et al., 2014). Indeed, one meta-analysis found
consistent activity of the left VLPFC during instances in which participants were actively
attending to emotional stimuli, which is a controlled process (Lindquist et al., 2012).
Taken together, these results suggest a role of the left VLPFC in EEM effect through
controlled processing rather than arousing stimuli/automatic processing.
Comparing Left and Right VLPFC in Emotional Memory
The finding that inhibition of left VLPFC led to a reduced EEM for “negative
nonarousing” words, whereas the right VLPFC led to reduced EEM for both “negative
arousing” and “negative nonarousing” words, compared to “neutral” words, shows that
there are hemispheric differences in the VLPFC-mediated EEM effect depending on
stimulus type. Specifically, the left VLPFC could be responsible for emotional memory
enhancements of “negative nonarousing” words through its role in cognitive control
(Badre & Wagner, 2007; Wagner et al., 1998), whereas the right VLPFC could lead to an
emotional memory enhancement for both “negative arousing” and “negative nonarousing”
words through its role in the bottom-up ventral/affective system (Dolcos et al., 2013). In
the ventral/affective model, the amygdala is functionally connected with the right VLPFC
(Iordan & Dolcos, 2017). Indeed, previous experiments have found a positive correlation
between amygdalar activity and right VLPFC (Dolcos et al., 2006) and that arousal is
correlated with the right VLPFC (Mickley Steinmetz & Kensinger, 2009). In this way,
the left VLPFC could potentially lead to controlled effects through its role in the top-
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down route, whereas the right VLPFC could lead to both controlled and automatic effects
through its role in the ventral-affective, bottom-up, route. Taken together, the left and
right VLPFC are both involved in the negative EEM effect, using both controlled and
automatic processing for both “negative arousing” and “negative nonarousing” stimuli.
Potential Limitations
One of the main goals was to compare the roles of the left and right VLPFC under
full and divided attention, but our ability to make inferences based on the available
attentional resources is limited because there was no evidence that our divided attention
task depleted attentional resources. Other experiments using a tone-discrimination task
have found lower performance for stimuli encoded under divided attention (Talmi et al.,
2007), and it is thus surprising that we did not find this difference. However, other
experiments have suggested that a harder concurrent tone-discrimination task is necessary
to see performance differences (Kang et al., 2014). Our secondary task was therefore not
strong enough to substantially deplete attentional resources and result in worse
performance in the divided attention condition. Thus, our inferences focus on the full
attention condition. However, it is worth noting that there was a significant stimulus type
x stimulation condition attention interaction, so it is possible that attentional resources
were somewhat depleted but below the threshold of showing a behavioral effect.
Additionally, there was a potential limitation with our method of localization.
While the 10-20 system has been previously used to target the VLPFC (Vanneste & De
Ridder, 2012) and cTBS has been shown to effectively target areas of the motor cortex
and lead to inhibitory responses (Huang et al., 2005), we cannot know for certain if the
VLPFC was indeed accurately targeted, or if all participants showed inhibition in the
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VLPFC (Wassermann, 2002). Nevertheless, we used a protocol for stimulation that has
been used before and has shown to lead to behavioral (Blumenfeld, Lee & D’Esposito,
2014) and neural effects (Tupak et al., 2013). Still, a future study might use individual
MRI-guided stimulation sites to ensure that the VLPFC was in fact inhibited, and
potentially subsequent individual fMRI to ensure that the VLPFC was in fact inhibited.
One concern with brain stimulation techniques is that because the stimulation
produces a physical sensation, participants might be aware of their condition, which
might lead to a placebo effect. Indeed, continuous TBS produces distinct sensations (for
review, Rossi et al., 2009) and these can be more intense when targeting the PFC,
potentially leading to participants’ inferring that their performance should be more
altered in the VLPFC vs. vertex conditions. However, cTBS sensations should have been
similar between right or left VLPFC stimulation, and thus problematic participant
blinding cannot explain the differences in performance between right or left VLPFC
stimulation.
Conclusions
This study sought to determine whether the VLPFC was involved in the EEM
effect based on stimulus valence and/or arousal and available attentional resources.
Inhibiting the left or right VLPFC both led to a decrease in the EEM effect; specifically,
inhibition of the left VLFPC led to a decrease in memory for “negative nonarousing”
words, or words that are presumed to rely on controlled processing, whereas inhibition of
the right VLPFC led to a decrease in memory for both “negative arousing” and “negative
nonarousing” words, or words that rely on controlled and automatic processing. These
results suggest that the left VLFPC is involved in the EEM effect for stimuli that benefit
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from controlled processing, whereas the right VLFPC is involved in the EEM effect for
all negative stimuli (i.e., stimuli that require both controlled and automatic processing).
These results also have broader implications for clinical populations suffering from a
dysfunction of the VLPFC in emotional episodic memory. Specifically, depressed
patients are thought to have hyperactivation of the VLPFC in response to emotional
stimuli (Drevets, 1998). Our results are consistent with the role of the VLPFC in
emotional memory and suggest that inhibition of the VLPFC might be a potential future
treatment for depressed patients with hyperactivation of the VLPFC.
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Chapter 4
General Discussion
The experiments in this dissertation investigated the role of the ventrolateral
prefrontal cortex (VLPFC) in working memory and/or episodic memory with negative
and neutral stimuli. Chapter 2 used high definition transcranial direct current stimulation
(HD-tDCS) to show that the left VLPFC has a causal role in working memory for both
negative and neutral stimuli, with some effects specific to negative stimuli, whereas the
right VLPFC has a role in successful working memory trials that also led to correct EM
performance. Chapter 3 used transcranial magnetic stimulation (TMS) to show that the
left VLPFC has a causal role in the negative enhancement of emotional memory (EEM)
effect for “negative nonarousing” stimuli only, whereas the right VLPFC has a role in
both the “negative arousing” and “negative nonarousing” EEM effects. Considering the
dearth of brain stimulation and VLPFC studies, especially when a large number of
neuroimaging findings show VLPFC involvement in both working memory and episodic
memory tasks with both negative and neutral stimuli, this dissertation significantly adds
to the literature by showing a causal role of the VLFPC in working memory and episodic
memory with negative and neutral stimuli.
The General Discussion will first focus on interpreting the experimental findings
by explaining how they relate to generally assumed roles of the VLPFC in cognitive
control. Next, some important caveats and limitations of both tDCS (Horvath et al., 2015)
and TMS (for review, Demeter, 2016) will be discussed. Lastly, considering that tDCS
(for review, Nitsche, Boggio, Fregni & Pascual-Leone, 2009) and TMS (George et al.,
2000) have been used as treatments for various clinical disorders, the clinical
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implications of VLPFC involvement in working memory and episodic memory will also
be considered (for review, Durston, de Zeeuw & Staal, 2009; for review, Drevets, 1998)
to determine if these findings potentially have broader implications for populations
suffering from a dysfunction of the VLPFC.
Left VLPFC
Considering that both of our studies found hemispheric differences, it is important
to understand the mechanisms underlying how each hemisphere related to memory
performance. In Chapter 2, we found that HD-tDCS over the left VLPFC resulted in an
increased proportion of correct responses in a working memory task after both negative
and neutral distraction. Additionally, left VLPFC stimulation led to subtle signs of coping
with negative distraction, as evidenced by similar reaction times for negative and neutral
distractors. Left VLPFC stimulation did not impact episodic memory performance in
Chapter 2; however, inhibitory stimulation in Chapter 3 did impact episodic memory.
Left VLPFC in Working Memory: Our finding that stimulation over the left
VLPFC led to a general increase in working memory performance is consistent with
previous correlational findings of left VLPFC involvement in working memory tasks
with both negative (Dolcos et al., 2006) and neutral (Kwon, Reiss & Menon, 2002; Owen
et al., 2005) stimuli. Although the majority of previous experiments investigating
working memory have focused on the dorsolateral prefrontal cortex (DLPFC; for review,
Curtis & D’Esposito, 2003), the VLPFC also plays a part in working memory, especially
in the presence of distractors, potentially through its role in inhibitory processes (for
review, Bari & Robbins, 2013). In one experiment, left VLPFC lesion patients and
control participants performed a Go/No-Go task that varied in difficulty, with either 50%
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or 10% hard No-Go trials (Swick, Ashley & Turken, 2008). Results showed that left
VLPFC lesion patients, compared to controls, made more false alarms at both levels of
difficulty, with a greater difference in the hard condition. These results suggest that the
left VLPFC is necessary for inhibition. Therefore, because our task required inhibiting
distractor scenes during the delay phase, one potential way that stimulating the left
VLPFC led to an increase in performance was through an increase in inhibition of the
distractors.
Although most of our findings from Chapter 2 indicated a role for the left VLPFC
in general working memory, there were some subtle effects specific to negative
distractors. Specifically, in terms of reaction times (RT), participants stimulated over the
left VLPFC did not show the typical pattern of longer RTs to negative stimuli as
compared to neutral stimuli (Kensinger & Corkin, 2003), whereas those stimulated over
right VLPFC and sham did show these RT differences. While the results of the left
VLPFC in working memory with negative distraction also fits with a general role of the
left VLPFC in inhibition (Swick et al., 2008), there is some evidence of greater left
VLPFC activity during inhibition of negatively distracting stimuli, such that there is a
correlation between increased left VLPFC activity and enhanced working memory
performance after negative distraction (Dolcos et al. 2013). In one experiment,
participants performed a delayed-response working memory task with negative and
neutral distractors (Dolcos et al., 2006). Results showed that left VLPFC had an increase
in activity for successful, compared to unsuccessful, working memory performance after
negative distraction. In comparison, the right VLPFC did not show a difference between
successful and unsuccessful working memory trials overall. Hence, the left VLPFC could
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potentially have a special role in inhibiting negatively distracting stimuli, leading to
enhanced working memory performance after negative distractor trials.
Together, our working memory data, both from accuracy and RT results, are
consistent with the left VLPFC engaging in inhibition of distractors (Jonides et al., 1998).
Because there were improvements to working memory with both neutral and negative
distractors, these findings also suggest that negative stimuli are not necessarily in a
special category per se, but may potentially recruit extra left VLPFC resources to combat
their increased distracting influences. Indeed, there is some evidence negative stimuli can
impact memory solely because of their saliency (Pickel, 1989). Thus, it is possible that
left VLPFC is activated for inhibition of all types of distraction, with potentially more
activation for more salient distractors (Chuah et al., 2010; Yamasaki et al., 2002).
Left VLPFC in Episodic Memory: With regard to episodic memory performance,
findings from Chapters 2 & 3 suggest that the left VLPFC might have a role in episodic
memory, depending on the type of stimuli. Specifically, excitatory tDCS over the left
VLPFC did not lead to an increase in episodic memory (for either negative or neutral
stimuli), whereas inhibitory TMS over the left VLPFC did result in a decrease in the
emotional enhancement of memory (EEM) for “negative nonarousing” items during full
attention. These results suggest that the left VLPFC is involved in the encoding of certain
types of stimuli, namely negative nonarousing stimuli, which are though to engage
additional controlled processes (Kensinger & Corkin, 2004).
Previous work has shown a role for the left VLPFC in general encoding of
episodic memories (for review, Paller & Wagner, 2002), specifically, item memory for
words (Wagner et al., 1998; for review, Blumenfeld & Ranganath, 2007), so it is
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somewhat surprising that our work found the left VLPFC to play a specific role in the
EEM for “negative nonarousing” stimuli. One study investigating the role of the left
VLPFC in item memory applied inhibitory TBS over the left VLPFC and vertex during
encoding of neutral words (Blumefeld, Lee & D’Esposito, 2014). Results showed that
compared to vertex stimulation, left VLPFC stimulation led to a significant impairment in
item memory. These results point to a role of the VLPFC in general (i.e., neutral and
negative) encoding of item stimuli. However, we found specific impairments in encoding
of “negative nonarousing” items, suggesting these stimuli are processed differently
within the left VLPFC. Though previous findings show a general role of the left VLPFC
in the controlled, as opposed to automatic, encoding (e.g., through elaboration) of item
word memory (Kirchhoff et al., 2000; for review, Buckner, 2003), our results that the
EEM for “negative nonarousing” words was specifically affected by inhibitory
stimulation suggest that the left VLPFC may treat negative stimuli as “special,” or
categorically different than other types of stimuli.
One model suggests that VLPFC and the DLPFC are both part of a top-down
route that leads to emotional memory enhancements through controlled processing (for
review, Iordan et al., 2013; Dolcos & Denkova, 2014), in contrast to a bottom-up
amygdalar route. Therefore, in our experiment, inhibition of the left VLPFC during full
attention resulted in decreased memory for words that relied upon controlled processing
(i.e., “negative nonarousing” words), but not “negative arousing” words. Overall, it thus
appears that the left VLPFC has a role in item memory for negative words that require
controlled encoding strategies, but not words that rely on more automatic processing.
Right VLPFC
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As mentioned previously, there were hemispheric differences in both experiments.
In terms of the right VLPFC, results from Chapter 2 showed that excitatory HD-tDCS
over the right VLPFC led to an increase in episodic memory performance for distractors
that did not produce a working memory impairment. However, there were no effects
specific to negative salience. In contrast, results from Chapter 3 showed that TMS over
the right VLPFC led to a decrease in the enhanced emotional memory effect for all
negative (i.e., low valence and high arousal) stimuli, suggesting that the right VLPFC
plays a role in the EEM effect for both negative and arousing stimuli.
Right VLPFC in the link between Working Memory and Episodic Memory: While
we found significant results that tDCS over the left VLPFC led to improved working
memory performance, we did not find an overall effect of working memory performance
during right VLPFC stimulation. However, when combining working memory and
episodic memory, such that distractors that did not disrupt working memory performance
and were better remembered a week later, we found that excitatory stimulation over the
right VLPFC led to enhanced performance for both negative and neutral scenes. This
finding is consistent with some previous research that shows a role of the right VLPFC in
enhanced memory for general scenes (for review, Paller & Wagner, 2002). In one
experiment, participants were given an incidental encoding task for pictures and words in
an fMRI scanner (Kirchhoff et al., 2000), followed by a recognition task outside of the
scanner. Results showed an increase in right VLPFC activity for subsequently
remembered scenes, suggesting a role of the right VLFPC in encoding neutral scenes. It
is therefore not surprising that stimulating right VLPFC would lead to an enhanced
performance for general episodic memory. However, we specifically found that enhanced
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episodic memory performance was related to working memory performance with
distractors that did not produce a working memory impairment that were also better
remembered.
To understand this, previous research has shown that there is a positive
relationship between working memory performance and coping, such that an increase in
coping strategies correlates with increased working memory performance (Andreotti et
al., 2013; Schmeichel, Volokhov & Demaree, 2008). Thus, considering the role of the
right VLFPC in coping strategies (Wager et al., 2008) and how coping strategies can lead
to enhanced episodic memory (Dillon et al., 2007), it is not surprising that right VLPFC
stimulation led to enhanced EM for distractors that were properly coped with during the
working memory task. One previous experiment had participants use two different coping
strategies in the face of emotional stimuli (Richards & Gross, 2000). Specifically,
participants were told to either “reappraise” or “suppress” their responses to the stimuli.
Results showed an increase in memory performance for stimuli during “reappraise” trials
and a decrease in memory performance during “suppress” trials, suggesting that the very
act of cognitively coping with stimuli can lead to enhanced episodic memory.
Importantly, the right VLPFC has been specifically linked to reappraisal (McRae et al.,
2010). Therefore, a potential explanation for why stimulation over the right VLPFC led
to working memory success and enhanced episodic memory for those distractors is
because the right VLPFC first coped with the distraction (potentially through reappraisal),
leading to increased working memory performance and simultaneous enhanced encoding
of the images for subsequently enhanced memory of the distractors (Dolcos et al., 2013).
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Right VLPFC in Episodic Memory: Our findings from Chapter 2 showed that
excitatory right VLPFC stimulation did not lead to a boost to episodic memory for the
negative or neutral scenes alone (we did find a boost for linked working memory and
episodic memory), suggesting that the right VLPFC is not involved in episodic memory
for negative or neutral stimuli. However, our findings from Chapter 3 showed that right
VLPFC might have a specific role in episodic memory for negative stimuli. Specifically,
inhibiting the right VLPFC with TMS under full attention resulted in a complete removal
the EEM effect. Whereas there was an EEM effect for “negative arousing” stimuli after
left VLPFC inhibition, after right VLPFC inhibition there was no evidence of an EEM
effect for “negative arousing” or “negative nonarousing” words. These results suggest
that the right VLPFC might have a role in all negative EEM effects. As a parallel to the
left VLPFC findings from Chapter 3, these results suggest that emotional items are
categorically different than neutral items.
One hypothesis is that the right VLPFC could lead to the EEM effect for negative
words through multiple routes: a top-down route, involving controlled processing of
negative stimuli, and a bottom-up route involving automatic processing of negative
stimuli (for review, Dolcos & Denkova, 2014). An alternative model for the EEM effect
suggests that the VLPFC is involved in a ventral-affective system that is automatically
activated by the amygdala in the presence of emotional stimuli (for review, Iordan et al.,
2013). Consistent with our results, the right VLPFC might therefore be involved in both:
1) arousal-based memory (Mickley Steinmetz & Kensigner, 2009) through functional
connectivity with the amygdala (Dolcos et al., 2013) and, 2) a top-down/cognitive control
mechanism that leads to elaborative encoding (Ritchey et al., 2011). Hence, the right
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VLPFC is potentially involved in both of these systems, such that inhibiting this region
leads to a decrease in memory for negative items that rely on controlled and automatic
processing (i.e., both “negative arousing” and “negative nonarousing” stimuli).
Differences in Findings from both Experiments
Although we targeted the VLPFC in both experiments, we found somewhat
inconsistent findings. In Chapter 2, the VLPFC was found to not be involved in episodic
memory, whereas Chapter 3 did show VLPFC involvement in episodic memory. A
potential reason for this explanation is due to the differences between the two
experiments. In Chapter 2, we used subthreshold excitatory stimulation (i.e., HD-tDCS)
and a delay of seven days for the episodic memory task. Conversely, in Chapter 3, we
used suprathreshold inhibitory stimulation (i.e., cTBS) with a delay period of ~25
minutes. Therefore, the different findings could be attributed to the stimulation device,
the delay period, or both. One possibility is that subthreshold VLPFC was not strong
enough to impact the EEM effect. However, other experiments have found that a single
session of tDCS is enough to impact the EEM effect (Mungee et al., 2014; Penolazzi et
al., 2010). Consequently, it could be an interaction of the stimulation technique and the
retention time—i.e., it is possible that consolidation effects (Dunsmoor et al., 2015;
Tambini et al., 2017) were stronger than the effects of subthreshold stimulation such that
we did not see an effect of tDCS on the EEM in Chapter 2. Consolidation refers to the
time period after encoding in which a memory can be strengthened or weakened (Cahill,
Gorski & Le, 2003; Tse et al., 2007; for review, Abel & Lattel, 2001; Alberini & LeDoux,
2013). Previous research has shown that emotional stimuli benefit from consolidation,
moreso than neutral stimuli (Cahill, Gorski & Le, 2003; Payne et al., 2015; for review,
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Talmi, 2013), and that the EEM effect can get more pronounced with time (LaBar &
Phelps, 1998; Payne et al., 2008; Sharot & Phelps, 2004; Peirce & Kensinger, 2011).
Thus, it is possible that consolidation effects impacted our lack of stimulation effects on
the EEM task a week after encoding. However, in Chapter 3, we used both a stronger
stimulation device and a shorter retention period, potentially explaining why there was an
effect of VLPFC stimulation on EEM. A future experiment might investigate this using
the same delay interval with a stronger stimulation device (i.e., TMS) or a shorter delay
interval with the same stimulation device.
The dissertation experiments generally focused on the effects of emotion on
memory during encoding (for review, Kensinger, 2009), but it should be noted that
effects can happen at any stage during the memory process (for review, Talmi, 2013), e.g.
during consolidation (for review, Hamann, 2001) and retrieval (for review, Buchanan,
2007). Thus, although we found encoding effects, consolidation and retrieval effects were
not measured, and both processes could have impacted our results.
General Limitations with Non-Invasive Brain Stimulation Techniques: tDCS
Previous work has shown that stimulating areas of the cortex with tDCS can lead
to changes at the neural (Keeser et al., 2011; Weber et al., 2014; Zaehle et al., 2011) and
behavioral levels (Fregni et al., 2005; Chua & Ahmed, 2015; Chua, Ahmed & Garcia,
2016). However, there are some general concerns related to tDCS (Horvath, Carter &
Forte, 2014), especially regarding cognitive experiments (Jacobson, Koslowsky &
Lavidor, 2012). Specifically, it is important to discuss the effects of individual
differences (Lopez-Alonso et al., 2014; for review, Li et al., 2015, Krause, Cohen Kadosh,
2014) and network connectivity (Boros et al., 2008).
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In terms of individual variability, studies have shown tDCS differences based on
individual physical anatomies (Datta et al., 2009; Truong et al., 2013), individual states
(Shahbabaie et al., 2014), and individual cognitive abilities (Tseng et al., 2012).
Computational modeling provides a general idea of how much current will reach the
brain, since there can be resistance from a variety of different individual anatomical
factors including the skull (Datta, Bikson & Fregni, 2010; Datta et al., 2012), fat (Truong
et al., 2013) and cerebrospinal fluid (Bijsterbosch et al., 2013). These computational
models are generally based on subject masks (Datta et al., 2009). Intuitively, because
each participant has a slightly different anatomy, individually guided masks would be
optimal for accurate placement of electrodes (Datta et al., 2009). Due to limited resources,
the current experiment did not use MRI-guided placement of the electrodes, and thus it is
possible that the amount of current reaching the brain in our experiment and the specific
brain region it reached may have differed slightly from person to person, increasing
variability in our data. Future work might use MRI-guidance for HD-tDCS target
localization to minimize the variability associated with anatomical differences in each
participant’s brain.
Similar to individual differences in anatomy, tDCS effects can also be affected by
participants’ current internal states (Morgan, Davis & Bracewell, 2014; Roizenblatt et al.,
2007) and personality traits (Pripfl, Neumann, Kohler & Lamm, 2013). In one experiment,
abstinent substance abusers were asked to rate their cravings while viewing different drug
associated cues (ranging from some that would elicit a craving to those that would not)
while undergoing sham or active tDCS over the right DLPFC (Shahbabaie et al., 2014).
Importantly, participants were asked to rate their cravings before, during and after cue
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exposure. Results showed that active tDCS, compared to sham, led to a decrease in
cravings at rest. However, active stimulation, compared to sham, led to an increase in
cravings during the cue exposure. In other words, an internal state of rest led to a
decrease in cravings, whereas viewing cues led to an increase in cravings. These studies
illustrate that although tDCS is a promising research tool, there can be some individual
variability of internal psychological states. Thus, regarding the interpretation of our
results, there may have been some variability that was not controlled. However, it is
reassuring that our tDCS results did not vary by the individual factors that we did collect
(i.e., our cognitive and affective questionnaires), suggesting that individual variance in
these cognitive and affective traits cannot account for our results.
Lastly, tDCS effects can be affected by individual cognitive abilities (for review,
Li et al., 2015) such as years of education (Berryhill & Jones, 2012) and working
memory ability (Jones & Berryhill, 2012). In an experiment where participants were
asked to perform a visual working memory task while receiving sham or active tDCS
over the right posterior parietal cortex there was an increase in working memory
performance for low-performing individuals, but not high-performing individuals (Tseng
et al., 2012). These results illustrate that baseline cognitive abilities are important to
consider when determining the effects of tDCS on performance. Considering that we did
not find a stimulus type effect in our experiment and previous research has shown that
typically low working memory-ability participants show this effect (Dolcos et al., 2013),
future experiments might first determine baseline working memory performance to see if
tDCS over the VLPFC has a specific impact on working memory after negative
distraction.
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In addition to individual variability, another limitation of tDCS is that stimulating
one area of the cortex often leads to increased excitability in another area of the cortex
(Datta et al., 2008). Even with HD-tDCS, carryover effects to other areas of the cortex
are still possible due to network connectivity (Pena-Gomez et al., 2011; Weber et al.,
2014). One experiment using concurrent fMRI and tDCS found that active tDCS over the
left DLPFC led to increases in activation in the default mode network and frontoparietal
network, suggesting that stimulating one area of the cortex can alter other areas of the
cortex through functional connectivity of these regions (Keeser et al., 2011). Thus,
although we stimulated the area over VLPFC, we cannot be certain that it is the VLPFC
alone, or the VLPFC as part of a larger network (e.g., the DLPFC), that led to the
behavioral effects. This is important because although we used a protocol that targeted
the VLPFC, our results could be attributed to stimulation of the VLPFC and areas it is
functionally connected to. Future experiments might use joint fMRI protocols to
determine if other brain areas were stimulated, leading to the behavioral effect.
Another difference to consider is the type of stimuli used in each experiment.
Experiment #1 used scene stimuli, whereas Experiment #2 used word stimuli. While the
VLPFC has been shown to be active during processing of negative pictures and words
(Kensinger & Schacter, 2006), it is possible that differences in the types of stimuli might
lead to differences in episodic memory (Gehring, Toglia & Kimble, 1976). For instance,
in one experiment, Talmi and Moscovitch (2004) found that controlling for the semantic
relatedness of words eliminated the EEM effect. However, Talmi et al., (2007) conducted
a similar paradigm with emotional words and failed to eliminate the EEM effect. These
results suggest that there are differences in the EEM effect for emotional words and
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pictures, potentially because words rely on more elaborative attention (and thus semantic
relatedness) than do pictures, which can be more arousing (Talmi et al., 2007).
General Limitations with Non-Invasive Brain Stimulation Techniques: TMS
Similar to tDCS, TMS has been shown to induce changes at both the neural (for
review, Miniussi & Thut, 2010) and behavioral level (Blumenfeld, Lee & D’Esposito,
2014, for review, Rossi et al., 2009), and to be able to connect brain areas and behavior
(for review, Pascual-Leone, Walsh & Rothwell, 2000). However, there are some caveats
when using this device as well. Specifically, as with tDCS, there are individual variability
and network connectivity concerns to consider (for review, Demeter, 2016).
Although TMS works differently than tDCS to actually induce neural changes,
individual variability is still an issue. Previous work has shown that even with TMS,
participants will occasionally not show behavioral effects (Lopez-Alonso et al., 2014)
and/or vary in their specific effects (Wassermann, 2002). Some factors that can influence
individual variability include physical and psychological differences (for review, Nicolo,
Ptak & Guggisberg, 2015).
One of the methods by which TMS alters neural firing is through altering neural
plasticity. However, the effects of stimulation can change depending on the neural
synaptic history, or metaplasticity (Gentner et al., 2008) and neural states (for review,
Silvanto, Muggleton & Walsh, 2008). For example, in one experiment, participants were
first given 1 Hz TMS over the middle temporal visual area (MT) or vertex before (i.e.,
offline stimulation) performing a motion-detection task (Silvanto et al., 2008). During the
motion-detection task, participants were again given 1 Hz TMS over MT or vertex (i.e.,
online stimulation). Results showed that participants given offline vertex and online MT
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TMS showed inhibitory effects on the motion-detection performance. Conversely,
participants given offline and online MT TMS showed excitatory effects on the motiondetection task. Thus, as with tDCS, physiological factors can impact the effects of TMS.
Hence, it must be acknowledged that because we did not measure previous neural activity,
it is possible that there were differences in the effectives of participant stimulation, even
within each subject. Thus, even though we controlled for aspects of individual variability
by having a within-subjects design and determining motor threshold at each visit, there
may have been variability in the effectiveness of TMS from visit to visit, within each
subject.
In addition to physiological factors, psychological factors need to be considered
when administering TMS. Specifically, some factors such as current attention can impact
the direction and effectiveness of stimulation (Conte et al., 2007). In one experiment,
participants were given intermittent TBS (iTBS), which was a high-frequency burst of
three TMS pulses (50 Hz), repeated at a rate of 5 Hz, while performing a visual search
task in which they had to respond to targets onscreen (Kamke et al., 2014). Before the
start of the experiment, participants’ motor-evoked potentials (MEP) were recorded.
Participants then received stimulation while performing the visual search task.
Importantly, attentional load was manipulated in different blocks (separated by 24 hours)
by having participants search for either one target (low load) or two concurrent targets
(high load). After finishing the task, MEPs were recorded again. Results showed that
MEPs after the task increased compared to baseline, but only under low-load blocks.
There was no difference in MEPs from baseline under high-load attention. These results
illustrate the importance of current psychological states when using TMS. Thus, because
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we did not measure aspects of attention during the task, and we did not show effects of
divided attention, it is difficult to know if there were differences of TMS based on these
internal state factors.
As mentioned previously, another factor to consider when evaluating the effects
of TMS is network connectivity. Although TMS has a good spatial resolution of about 1
cm (Parks, Maclin, Low, Beck, Fabiani & Gratton, 2012), we cannot rule out the
possibility that by stimulating the VLPFC, we also impacted other brain regions through
functional connectivity (for review, Hallett, 2007). In a joint TMS and positron emission
tomography (PET) study (Paus et al., 1997), participants were stimulated over the left
frontal eye field (FEF) while changes in brain activity were indexed with cerebral blood
flow (CBF) via PET scan. Results showed a positive correlation between TMS
stimulation in the left FEF and CBF. Furthermore, there was a positive correlation with
other distal areas of the cortex, including areas of the visual and parietal cortices. These
results suggest that by stimulating one area of the brain, there will likely be carryover
effects to other functionally connected areas. Thus, in our experiment, we cannot fully
determine if the behavioral effects we observed were from inhibiting the VLPFC alone,
or from the connections of the VLPFC to other areas of the brain. Future research might
use joint TMS and neuroimaging techniques to hone in on the effects of the VLPFC
specifically.
Broader Implications
Our findings that non-invasive brain stimulation techniques led to significant
effects on performance in healthy college students has potential implications for various
clinical disorders. Our results that HD-tDCS over the left VLFPC led to a significant
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improvement in general working memory performance and right VLPFC stimulation led
to a significant improvement in episodic memory for distractors that did not produce a
working memory impairment have implications for clinical populations that have deficits
in attention, cognitive control, working memory, and episodic memory, specifically due
to a VLPFC dysfunction (for review, Durston, de Zeeuw & Staal, 2009). One example of
this would be individuals diagnosed with Attention Hyperactive/Deficit Disorder
(ADHD), as they have an impairment in cognitive control (Schachar et al., 2000) and
VLPFC functioning (Durston et al., 2009). On the other hand, our findings that cTBS
over the left or right VLPFC led to negative stimuli-specific effects on memory have
clinical applications to people suffering with cognitive and affective symptoms as a result
of mood disorders. For example, people suffering with Major Depressive Disorder
(MDD) typically experience an increase in attentional bias (Koster et al., 2005) and
memory (Ridout et al., 2003) for negative events, which can be associated with an
increase in VLPFC activity (Drevets et al., 1992; Canli et al., 2004; for review, Downar
& Daskalkis, 2013).
Importantly, brain stimulation techniques have been shown to lead to a reduction
of clinical symptoms for various mental illnesses, including depression (Boggio et al.,
2008; George et al., 1997; George et al., 2000; Mundo et al., 2009; Salehinejad et al.,
2015; for review, Nitsche et al., 2009) and ADHD (Bandeira et al., 2016; Bloch et al.,
2010; Solhaninejad, Nejati & Ekhtiari, 2015). Indeed, TMS has been approved by the
Food and Drug Administration (FDA) as a safe and effective treatment for mood
disorders (Horvath et al., 2010), and it is argued that TMS can be a safe alternative to
psychotropic medications (for review, Felipe & Ferrao, 2016). Thus, although we used a
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single-session experiment (and treatments are typically multi-sessions), our findings that
non-invasive brain stimulation techniques led to memory effects has potentially important
implications for the treatment of various clinical disorders.
ADHD is considered among the most prevalent mental health disorders in
children (Akinbami et al., 2011), making it an important issue to consider because brain
stimulation has been shown to be safe in children (Helfrich et al., 2012). Moreover, the
effectiveness of the predominant treatment for ADHD (i.e., medication) is still debatable,
since some research suggests there is little improvement with medication (Currie et al.,
2014). ADHD is characterized by impulsivity, attention deficits and emotion
dysregulation (for review, Theiner et al., 2015). While different mechanisms contribute to
ADHD, one robust finding ties together ADHD in children with decreased functioning in
VLPFC activity during cognitive control tasks (Schulz et al., 2005; Werner et al., 2011;
for review, Durston, de Zeeuw & Staal, 2009; Hart et al., 2014; Konrad & Eickhoff,
2010; Zhu et al., 2016). As such, using non-invasive brain stimulation over the VLPFC in
the ADHD population could potentially lead to improved performance on tasks that
require cognitive control. In particular, our finding of active stimulation leading to an
increase in working memory and joint working memory and episodic memory
performance, both tasks that require cognitive control, suggests that HD-tDCS over the
left VLPFC might be an effective line of therapy for people with ADHD who struggle
with cognitive control tasks.
Turning to our findings from Chapter 3, we found that inhibiting the VLPFC led
to emotion-specific effects, suggesting a role of the VLPFC in emotional episodic
memory. This finding is consistent with previous research suggesting a role of the
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VLPFC in emotional memory (for review, Dolcos & Denkova, 2014) and has
implications for clinical populations suffering from certain psychiatric disorders that have
a dysfunction in emotional memory (Drevets & Raichle, 1998; for review, Drevets, 1998).
One experiment using fMRI neuroimaging to show that veterans suffering with posttraumatic stress disorder (PTSD) had elevated VLPFC activity in response to combat
related, compared to general negative and neutral, stimuli (Morey et al., 2009). Other
previous research has also shown that stimulating the DLPFC in these clinical groups can
lead to a reduction of symptoms (George et al., 2000; Watts et al., 2012), suggesting that
stimulating PFC areas can be an effective line of therapy for some disorders that have
emotional memory dysfunction. Indeed, there has been some recent interest in
stimulating the VLPFC for treatment of various mood disorders, including depression
(for review, Downar & Daskalkis, 2013).
However, while there is a plethora of research on the effects of TMS over the
DLPFC in mood disorders (for review, Loo & Mitchell, 2005; Osuch et al., 2009), there
is a dearth of research on the effects of stimulation over the VLPFC in mood disorders.
Similarly, there are not many brain stimulation of the VLPFC experiments in ADHD
populations. Considering that a dysfunction of the VLFPC has been shown to lead to both
ADHD (Schulz et al., 2005; for review, Durston, de Zeeuw & Staal, 2009) and mood
disorders (Chai et al., 2011; for review, Drevets, 1998), it is worthwhile to consider using
brain stimulation to the VLPFC as a form of treatment for these conditions. The results of
this dissertation suggest that future experiments might focus on stimulating the VLPFC to
reduce cognitive and affective symptoms in these different clinical populations.
Conclusions
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The experiments in this dissertation focused on elucidating the role of the
ventrolateral prefrontal cortex (VLPFC) in emotional working and episodic memory.
First, we used High-Definition transcranial magnetic stimulation (HD-tDCS) in a
working memory with negative and neutral distractors, as well as a surprise episodic
memory for the distractors, to show that the left VLPFC has a causal role in working
memory, whereas the right VLPFC has a causal role in connecting working memory and
episodic memory, such that distractors that were coped with were also remembered a
week later. Surprisingly, these two effects were not specific to emotional stimuli.
However, left VLPFC stimulation showed subtle evidence of coping, as indexed by a
removal of a longer reaction time to negative versus neutral distraction. In our second
experiment, we used transcranial magnetic stimulation (TMS) to show that the left
VLPFC has a causal role in the emotional enhancement of memory effect for “negative
nonarousing” words items under full attention, whereas the right VLPFC has a causal role
in the emotional enhancement of memory effect for “negative arousing” and “negative
nonarousing” word items under full attention. Together, results from both studies point
to distinct causal roles of the VLPFC hemispheres in general working memory and
episodic memory, with some effects specific to negative stimuli. Overall, these results are
consistent with a general understanding of the VLPFC in cognitive control tasks and add
to the literature by further specifying the role of the VLPFC in working and episodic
memory tasks with negative stimuli.
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Figure 1.1: Model of the Bottom-Up and Top-Down routes to emotional
memory effects. Taken from Dolcos & Denkova, 2014 Emotion Review
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Figure 1.2: Model of the Dorsal Executive and Ventral Affective System.
The Ventral Affective System is thought to be activated in the presence of
emotional stimuli. Taken from Iordan, Dolcos & Dolcos, 2013 Frontiers in
Human Neuroscience
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Figure 2.1: Sample of a working memory (A) and episodic memory (B) trial. Participants
first performed a neutral working memory task with negative and neutral distractors while
being stimulated with High-Definition transcranial direct current stimulation (HD-tDCS).
They returned a week later for a surprise recognition test for the negative and neutral
distractors.
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Figure 2.2: Models of current flow using HD-Explore (Soterix Medical, New York, NY)
during HD-tDCS with the stimulating electrode placed at F7 and the return electrodes
placed at F9, F5, FT7 and FC5 showed good coverage of the left VLPFC. Electrodes
were placed on the contralateral sites to target the right VLPFC.
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Figure 2.3: Proportion correct responses during the working memory task during low
(A) and high (B) load. The left VLPFC group had a greater proportion of correct
responses than the sham group (p<0.04). Participants also showed better performance
in the low load (A) compared to the high load (B) condition (p<0.01).
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Figure 2.4: Reaction times during the working memory task for hits under low
(A) and high load (B) and for correct rejections under low (C) and high load
(D). Results showed a load x accuracy x stimulus type x stimulation group
interaction, and follow up analyses showed that for correct rejections under
low load (C), participants in the sham and right VLPFC groups were slower to
respond after negative versus neutral distractors, whereas participants in the
left VLPFC group had similar reaction times after negative and neutral
distractors.	
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Figure 2.5: Proportion correct, separated by hits (A) and correct rejections
(B), during the episodic memory task. Results showed a stimulus type x
accuracy interaction (p<0.01) that was driven by participants being more
accurate for negative (M=0.71, SEM±0.02) than neutral (M=0.49,
SEM±0.02) images for hits [t(118)=7.14, p<0.01].
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Figure 2.6: Reaction times to respond to images during the episodic memory
task for hits (A) and correct rejections (B). Results showed a stimulus type x
accuracy interaction (p<0.01), which was driven by participants being slower
to correctly reject negative than neutral scenes (p<0.01).
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Figure 2.7: Proportion of working memory correct and episodic memory
remembered trials out of all trials that were subsequently remembered at the episodic
memory test, for both negative and neutral scenes. Results showed a main effect of
stimulation, such that participants in the right (p<0.04) and left (p<0.02) stimulation
group performed significantly better than sham for both negative and neutral
distractor scenes.
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Figure 3.1: Sample trials of the encoding and retrieval tasks. Participants
first encoded words under both full and divided attention. Participants
then performed a recognition task for the words.	
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Figure 3.2: The emotional enhancement of memory (EEM) effect under full (A) or
divided (B) attention. Under full attention, vertex stimulation showed the typical
EEM effect of enhanced memory for “negative arousing” and “negative
nonarousing” stimuli, whereas right VLPFC stimulation led to a decrease in memory
for both EEM effects and left VLPFC stimulation led to a decrease in the EEM
effect for “negative nonarousing” words only. Under divided attention, there was a
larger EEM for “negative arousing” compared to “negative nonarousing” words
(p<0.01). Error bars were computed on a within-subjects basis in accordance with
Loftus and Masson (1994).
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Tables

Table 1.1: A summary table comparing two non-invasive brain stimulation devices,
tDCS and TMS.
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Appendix A
Working Memory Data:
For RT data, a 2 (stimulus type: negative, neutral) x 2 (load: one, two) x 3
(stimulation group: left, right, sham) x 2 (accuracy: hits, correct rejections) ANOVA
showed a main effect of load, such that participants were faster while holding one shape
in mind (M=1.63s, SEM±0.03) than two shapes (M=1.80s, SEM±0.03), F(1, 55)=99.55,
p<0.01. There was also a main effect of stimulus type, such that participants took longer
to respond after negative distraction (M=1.74s, SEM±0.03) than neutral distraction
(M=1.67s, SEM±0.03), F(1, 55)=12.47, p<0.01. There was also a load x accuracy
interaction, F(2, 55)=13.11, p<0.01, a load x accuracy x stimulation group interaction,
F(2, 55)=3.91, p<0.03, a load x stimulus type x accuracy interaction, F(2, 55)=11.66,
p<0.01, and a load x stimulus type x accuracy x stimulation group interaction, F(2,
55)=6.93, p<0.01.
To follow up on the load x stimulus type x accuracy x stimulation group
interaction, we analyzed the RT data separated by low vs. high load. For low load, results
of a 2 (accuracy: hits, correct rejections) x 2 (stimulus type: negative, neutral) x 3
(stimulation group: left, right, sham) ANOVA showed a marginal effect of load, F(1,
57)=3.55, p<0.07, such that participants were faster for hits (M=1.61s, SEM±0.03) than
correct rejections (M=1.66s, SEM±0.04). There was also a main effect of stimulus type,
such that participants took longer to respond after negative distraction (M=1.68s,
SEM±0.04), than neutral distraction (M=1.59s, SEM±0.03), F(1, 57)=22.25, p<0.01.
There was also a significant stimulus type x stimulation group interaction, F(2, 57)=3.53,
p<0.01, and a significant accuracy x stimulus type x stimulation group interaction, F(2,
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57)=3.24, p<0.01. To follow-up on the accuracy x stimulus type x stimulation group
interaction, we further separated the analyses by accuracy type. For hits, results of a 2
(stimulus type: negative, neutral) x 3 (stimulation group: left, right, sham) ANOVA
showed a main effect of stimulus type, such that participants were slower to respond to
negative (M=1.64s, SEM±0.04) than neutral distractors (M=1.57s, SEM±0.04, F(1,
57)=5.55, p<0.03.There were no other significant effects. For correct rejections, results of
a 2 (stimulus type: negative, neutral) x 3 (stimulation group: left, right, sham) ANOVA
showed a main effect of stimulus type, such that participants were slower to respond to
negative (M=1.71s, SEM±0.04) than neutral distractors (M=1.61s, SEM±0.04, F(1,
57)=17.46, p<0.01.There was also a significant stimulus type x stimulation group, F(2,
57)=6.33, p<0.01. Follow-up post-hoc tests showed that participants that had received
sham (p<0.01) or right VLPFC (p<0.03) stimulation were slower after negative, as
compared to neutral, distractors. Participants that had been stimulated in the left VLPFC
did not show a difference in reaction times for negative and neutral distractors (p<0.99).
For high load, results of a 2 (accuracy: hits, correct rejections) x 2 (stimulus type:
negative, neutral) x 3 (stimulation group: left, right, sham) ANOVA showed a stimulus
type interaction, F(1, 56)=17.21, p<0.01 and a load x stimulus type x stimulation group
interaction, F(2, 56)=17.21, p<0.01. To follow up on the load x stimulus type x
stimulation group interaction, we separated by load. For one shape, results of a (stimulus
type: negative, neutral) x 3 (stimulation group: left, right, sham) showed a significant
stimulus type x accuracy interaction, F(1, 55)=11.42, p<0.01, and a marginal stimulus
type x accuracy x stimulation group interaction, F(2, 55)=2.76, p<0.08. To follow up on
the stimulus type x accuracy x stimulation group interaction, we separated the analyses
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by hits and correct rejections. For hits, results showed a main effect of stimulus type,
such that participants were slower to respond to negative (M=1.86s, SEM±0.04) than
neutral distractors (M=1.79s, SEM±0.03), F(1, 56)=4.74, p<0.04. There were no other
effects in hits. There were no significant effects in correct rejections.
For confidence responses, results from a 2 (stimulus type: negative, neutral) x 2
(load: one, two) x 3 (stimulation group: left, right, sham) x 2 (accuracy: hits, correct
rejections) ANOVA showed a main effect of load, F(2, 55)=61.46, p<0.01, such that
participants were more confident with one shape (M=4.45, SEM±0.04) than two shapes
(M=4.28, SEM±0.06). There was also a load x accuracy interaction, F(1, 55)=10.54,
p<0.01, a stimulus type x accuracy interaction, F(1, 55)=5.62, p<0.03, a stimulus type x
accuracy x stimulation group, F(2, 55)=4.29, p<0.02, and a load x stimulus type x
accuracy x stimulation group, F(2, 55)=3.28, p<0.05 (Figure 2.4).
Using the same approach to follow up on the load x stimulus type x accuracy x
stimulation group interaction that we used for RT data, we analyzed the data separated by
load. In the low load condition, results showed a marginal accuracy x stimulation group
interaction, F(2, 57)=2.95, p<.07. Follow-up analyses showed an effect in hits, F(2,
117)=3.74, p<0.03. Post-hoc tests showed that left stimulation group (M=4.76,
SEM±0.06) had a significantly higher confidence rating than the sham group (M=4.52,
SEM±0.08, p<0.01) for hits. The right stimulation group (M=4.69, SEM±0.06) had a
marginally higher confidence rating than the sham group (p<0. 08) for hits.
In the high load condition, results showed a main effect of accuracy, such that
participants gave a higher confidence for correct rejections (M=4.36, SEM±0.06) than
hits (M=4.20, SEM±0.08), F(1, 55)=7.16, p<0.02. There was also a stimulus type x
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accuracy interaction, F(1, 55)=5.43, p<0.03, and a stimulus type x accuracy x stimulation
group interaction, F(2, 55)=4.90, p<0.02. To follow up on the stimulus type x accuracy x
stimulation group interaction, we separated the data by accuracy. Results showed that for
hits, there was a main effect of stimulus type, such that participants had a higher
confidence rating after neutral distraction (M=4.30, SEM±0.08) than negative distraction
(M=4.12, SEM±0.09), F(1, 56)=4.31, p<0.05. For correct rejections, results showed a
marginal stimulus type x stimulation group interaction, F(2, 56)=2.43, p<0.10. However,
none of the follow-up analyses yielded significance.
Episodic Memory Data:
For confidence responses, results of a 2 (stimulus type: negative, neutral) x 3
(stimulation group: left, right, sham) x 2 (accuracy: hits, correct rejections) ANOVA
showed a main effect of stimulus type such that participants were more confident for
negative images (M=4.22, SEM±0.06) than neutral images (M=3.99, SEM±0.07, F(1,
56)=78.22, p<0.01. There was also a main effect of accuracy, such that participants had a
higher confidence for hits (M=4.25, SEM±0.06) than correct rejections (M=3.96,
SEM±0.09), F(1, 56)=17.70, p<0.01. There was also a stimulus type x accuracy
interaction, F(1, 56)=30.57, p<0.01. Follow-up t-tests showed that participants gave a
higher confidence rating for negative (M=4.43, SEM±0.05) than neutral (M=4.00,
SEM±0.09) hits, t(116)=4.34, p<0.01. There were no differences in confidence ratings for
correct rejections.
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Appendix B
For RT data, results of a 3 (stimulus type: negative non-arousing, negative
arousing, neutral) x 2 (attention: full, divided) x 3 (stimulation site: left, right, vertex) x 2
(accuracy: hits, misses) showed a main effect of accuracy, such that participants were
faster for hits (M=1.31 sec, SEM±0.05) than misses (M=1.37 sec, SEM±0.04; F(1,
14)=7.81, p<0.02). There was also a main effect of stimulus type, F(2, 28)=5.14, p<0.02],
such that participants were faster for negative arousing (M=1.36 sec, SEM±0.02) than
negative non-arousing (M=1.39, SEM±0.02; p<0.05) words. Participants were also faster
for neutral (M=1.34, SEM±0.02; p<0.02), as compared to negative non-arousing, words.
Results also showed a marginally significant stimulation site x stimulus type interaction,
F(4, 56)=2.32, p<0.07, and a significant stimulus type x attention interaction, F(2,
28]=4.35, p<0.03.
Exploratory follow up tests to the marginal stimulation site x stimulus type
interaction showed a significant stimulus type main effect under right stimulation, F(2,
118)=3.86, p<0.03, and a marginal stimulus type main effect under vertex stimulation,
F(2, 118)=2.87, p<0.07. There was no effect under left stimulation (p<0.50). To assess
how inhibiting right VLPFC affected memory for negative words, we conducted follow
up paired samples t-tests under right stimulation. Results showed that under right
stimulation, the negative memory enhancement was removed, such that participants were
significantly faster for neutral words (M=1.36 sec, SEM±0.03) than negative nonarousing words (M=1.44 sec, SEM±0.04), t(59)=2.58, p<0.02. There were no other
significant effects under right stimulation. Under vertex stimulation, participants were
significantly faster for negative arousing words (M=1.34 sec, SEM±0.03) than negative
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non-arousing words (M=1.41 sec, SEM±0.04) t(59)=2.48, p<0.02.
Follow up analyses to the stimulus type x attention interaction showed a main
effect of stimulus type under full attention, F(2, 178)=9.76, p<0.01. Under full attention,
participants were significantly faster for negative arousing words (M=1.34 sec,
SEM±0.03) than negative non-arousing words (M=1.41 sec, SEM±0.03), t(89)=3.02,
p<0.01). Participants were also faster for neutral words (M=1.32 sec, SEM±0.03) than for
negative non-arousing words (M=1.41 sec, SEM±0.03), t(89)=43.90, p<0.01). There were
no other significant effects. In contrast, there were no significant effects under divided
attention.
For confidence ratings, results of a 3 (stimulus type: negative non-arousing,
negative arousing, neutral) x 2 (attention: full, divided) x 3 (stimulation site: left, right,
vertex) x 2 (accuracy: hits, misses) showed a main effect of accuracy, such that
participants had a higher confidence rating for hits (M=4.01, SEM±0.10) than misses
(M=2.94, SEM±0.15), F(1, 14)=51.33, p<0.01. Results also showed a significant stimulus
type x attention interaction, F(2, 28)=3.52, p<0.05.
Follow up analyses to the stimulus type x attention interaction showed two
marginal effects under divided attention, such that participants had a higher confidence
for negative non-arousing words (M=3.50, SEM±0.08; p<0.07) and neutral (M=3.52,
SEM±0.09; p<0.09) than for negative arousing words (M=3.41, SEM±0.08). There were
no effects under full attention.
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